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PREFACE 
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STRESSES IN FRAMED 
STRUCTURES 


SECTION 1 
GENERAL THEORY 


TRUSSES IN GENERAL 
By C. A. WiILLson 


1. Definition of a Truss.—A truss is a structure composed of three or 
more members so designed and connected that the structure as a whole 
acts as a beam and the individual members are subjected primarily to 
longitudinal stress. e 

For truss members to be considered properly as subjected to longitudi- 
nal stress only, they must at least be free to turn at the joints—that is, 
they must be pin-connected. 

If the pin-connected frame of Fig. la should be loaded as shown, it 
would deform in the direction indicated by the dotted lines and a com- 


LES ESSN EES 
\ 
\ 
(a) (b) i 


Hiatt 


plete collapse of the structure would result. For this frame to be rigid 
when loaded, its joints must be capable of resisting moment, and hence 
the members themselves must carry bending moment in addition to longi- 
tudinal stress. Such is not the case, however, for the pin-connected 
frame shown in Fig. 16. When this structure is loaded as shown, there 
will be no deformation in shape except that due to the very small changes 
in lengths of the members caused by longitudinal stress. Therefore the 
frame of Fig. la may be converted into a rigid structure by inserting a 
fifth member, as shown in Fig. lc. From this explanation it should be 
clear that a truss, generally speaking, should be composed of a series 
of triangles. 

2. Principal Elements of a Truss.—A common form of bridge truss 
is shown in Fig. 2. In this truss / is the span and h is the hezght or depth 

il 
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of the truss. The points a, 6, c, C, D, ete. are called jornts. The joints 
at points B and F are called hip joints. 

The members along the lines BF and ag are the chord members; BF 
is the upper chord or top chord and ag is the lower chord or bottom chord. 

The system of members connecting the chord members is called the 
web system and the individual members are called web members. Vertical 
web members are known as verticals and inclined web members are known 
as diagonals. The spaces between the verticals are called panels and the 
distances ab, bc, BC, etc., are called panel lengths and are generally equal. 
The diagonals aB and Fg at the ends of the truss are known as end posts 
and the verticals Bb and Ff are known as hip verticals. Tension members 
in the web system are sometimes called tzes, while compression members 
in the web system are often called posts or columns. 

If the dotted members cD and De were omitted, the diagonals Cd 
and dE would be in tension for certain loading conditions and in compres- 
sion for other loadings—in other words, there would be a reversal of stress 
in these members. In order to avoid the necessity of designing a mem- 


ASKDVINE 
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ber and its connections to resist both tension and compression, it is 
generally found desirable to place auxiliary diagonals, called counters, 
in all panels in which reversals of stress may occur. Then, under any 
given condition of loading, part of these diagonals are idle while the others 
are stressed, but in no case is the stress in any member changed back and 
forth from tension to compression under different conditions of loading. 

Other things being equal, it is more economical to use a steel member 
for a given tensile stress than it is for an equal compressive stress. This 
7 is because of the buckling tendency in a compression member which is not 
present in a tension member. Due to this fact counters are generally 
made tension members. 

3. Action of a Truss.—If a load is placed at joint c of the truss of Fig. 
2, a part of this load is carried to the left reaction at a along members cB 
and Ba while the remainder of the load is carried to the right reaction at 
g along members cD, Dd, dE, Ee, ef and Fy. The top chord is in com- 
pression and the bottom chord is in tension. Under this particular 
condition of loading, members Bb, Cc, Cd, De and Ff are idle. If the 
load were fixed at joint c, all of these members might be removed and the 
truss would stand. However, if the load were moved to some other loca- 
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tion a part of these members would come into action and some of the other 
members would be unstressed. The hip verticals Bb and Ff are stressed 
only when there are loads at joints b and f. 

4. General Classes of Trusses——When the nature of the supporting 
forces is such that the reactions are vertical under vertical loading, and 
when the reactions can be determined by the methods of statics under any 
condition of loading, the framework is said to be a simple truss. If a 
structure is such that its reactions are inclined under vertical loading, 
it is known as an arch. When it is impossible to find the reactions and 
the stresses in the members by the methods of statics, the framework 
is called a statically indeterminate structure. In the following articles the 
discussion will be devoted primarily to simple trusses. 

5. Types of Roof Trusses.—Some of the common forms of simple roof 
trusses are shown in Fig. 3. In the Howe or Triangular truss the top 
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\A 


Fink Compound Fink, 
(a) (2) 
Pratt Flat Pratt 
(¢) (a) 
Flat Warren Howe or Triangular 
(e) (Ff) 
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chord members and the diagonals are generally made of wood while the 
bottom chord members and the verticals are made of steel. All of the 
other trusses are generally made of steel throughout. 

6. Pitch of Roof Truss.—The pitch or rise of a roof truss is a frac- 
tion representing the ratio of the center height or rise of the truss to its 
span length. In Fig. 3a, for example, the pitch is represented by the 


fraction T 


7. Classes of Bridges.—Bridges are classified with respect to purpose 
as highway bridges and railroad bridges. They are classified with respect 
to the location of the floor system as through bridges deck bridges and pony 
truss bridges. 

A through bridge is one in which the floor system is located at or near 
the lower chord. In a deck bridge, on the other hand, the floor system 
is located at or near the upper chord. In through and deck bridges 
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lateral bracing is provided at both the upper and lower chords. A pony 
truss bridge is a modified form of through bridge in which the trusses are 
so shallow that it is impossible to provide the upper lateral bracing. 

The beam, girder, or truss structure including the floor system and 
lateral bracing comprise the superstructure of a bridge. The system of 
supporting elements, consisting of the abutments and piers, comprise 
the substructure. 

8. Types of Bridge Trusses.—Some of the common forms of bridge 
trusses are shown in Fig. 4. For spans of moderate length either the 
Pratt, Warren or Howe truss is used. Of these three the Pratt truss 
is the most popular. The Warren truss is used extensively for pony 
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truss bridges while the Howe truss is used when it is advisable to make 
the compression members of wood. For longer spans it becomes econom- 
ical to use the curved-chord Pratt truss shown in Fig. 4d. 

Regardless of span length it has been found desirable to keep about 
the same inclination of web members as shown in these first four types. 
If, however, these trusses are used for very long spans and if the web 
members are maintained at about the same inclination, the cost of the 
floor system is very materially increased due to the increase in panel 
length. Therefore, it has been found necessary to develop other types 
of trusses which would have an economical inclination of web members 
and a relatively short panel length. The Whipple, Double Warren, 
Baltimore, Pettit and K trusses meet these requirements. 

Both the Whipple and the Double Warren trusses are known as multi- 
ple intersection trusses. They are statically indeterminate and while 
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they were formerly used quite extensively they are now being replaced 
by the Baltimore, Pettit and K types (see Fig. 4). 

The Baltimore and Pettit trusses are perhaps the most popular types 
for long span bridges at the present time. These two trusses are essen- 
tially of the same type since the Pettit truss is in reality just a curved- 
chord Baltimore truss. The chief objection to this type lies in the fact 
that the secondary stresses (see Sec. 5) are relatively high. For this 
reason the type of truss known as the K truss, shown in Fig. 4), is being 
considered with increasing favor for long span bridges. In this type of 
bridge the secondary stresses are very small. It was largely due to this 
fact that the Quebec bridge was made of this type. a 


LOADS ON STRUCTURES 


9. General Classes of Loads.—There are two general classes of loads 
for which a structure must be designed, namely, dead load and live load. 
The dead load includes the weight of the structure itself and any addi- 
tional stationary loads which it must carry. The live load includes all 
loads which are movable or variable in amount. 

Wind and snow are the live loads which act upon the outside of a 
roof. Ceilings and special loads such as traveling cranes are often fast- 
ened to the lower chords of roof trusses. 

In the case of highway bridges, motor trucks, road rollers, and occa- 
sionally street cars constitute the primary live loads. Obviously, rail- 
road trains are of major importance in the design of railroad bridges. 

10. Dead Load.—The weight of a structure, which generally consti- 
tutes the total dead load or is a large part of it, is not definitely known 
until after the design is made. Hence it is evident that in designing, the 
weight must be assumed at first and the structure designed accordingly. 
If the resulting weight does not agree very closely with the assumed 
weight, the structure must be redesigned until the discrepancy between 
the assumed and the final weight is comparatively small. 

To go through this process in the design of each new structure would 
require an immense amount of labor. In order to eliminate much if not 
all of this work various formulas have been developed for the purpose 
of approximating the weight of a given type of structure. 

For wooden roof trusses the following formula recommended by Pro- 
fessor N. Clifford Ricker is quite commonly used: 


w = 0.04L + 0.000167L? 


For steel roof trusses the formula which occurs in the Carnegie Pocket 
Companion is representative of good practice. This formula is as follows: 


w = 0.20(>~/L + 0.125L) 
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In each of the above formulas, w = weight of truss in pounds per square 
foot of horizontal covered area and L = length of span in feet. 
Formulas for the weights of simple span bridges under 300 ft. in length, 
designed for Cooper’s E-50 loading and in accordance with the raat 
Railway Engineering Association specifications are given In Modern 
Framed Structures,” Part III. These formulas are as follows: 
Deck plate girders 


w = 12.56 - 100 
Through plate girders with beams and stringers 
w = 14L + 450 


Through pin-connected trusses 
io = SL) 100 


where L = length center to center of bearings. In the last formula 5,000 
lb. should be added to the total weight if end floor beams are used. 
The plate girder formulas should be multiplied by 0.9 for Cooper’s E-40 
loading and by 1.1 for Cooper’s E-60 loading. The pin-connected truss 
formula should be multiplied by 7g for Cooper’s E-40 loading and by % 
for Cooper’s E-60 loading. | 

A great many other formulas for the weights of structures might be 
given but those stated above are typical and are sufficient to illustrate 
the method of approximating the dead load. 

11. Live Loads.—The live load which a structure must carry in any 
given case either is known or may be approximated quite readily after 
a study of the local conditions. Snow and wind loads usually govern the 
design of roofs, while railway and highway loadings govern the design 
of bridges. 

lia. Snow Load.—In the design of bridges the effect of 
snow is so small in comparison with the other loads which the bridge must 
carry that it is generally neglected entirely. However, in the design of 
roofs, the weight of snow may become the major portion of the live load 
and therefore it must be considered. 

The snow load for which a given roof must be designed is a variable 
quantity depending upon the climatic conditions and the pitch of the 
roof. It is usually assumed to vary from a maximum of 40 or 45 lb. per 
sq. ft. of roof surface in the northern parts of the United States to a value 
of zero for the southern states. 

Ordinarily when snow load is considered in bridge design a value is 
assumed which is smaller than would be used for a roof situated in the 
same locality. This is for the reason that the maximum highway or 
railway loading for the bridge and the maximum snow load are not apt 
to occur simultaneously. 
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116. Wind Load.—It has been found by experiment that 
the pressure of the wind upon a plane surface normal to its direction is 
proportional to the square of the wind velocity. Professor C. F. Marvin 
found from his experiments on Mt. Washington in 1890 that the wind 
velocity and the corresponding pressure might be expressed by the 
formula 


P = 0.004V? 


where V = velocity of wind in miles per hour, and P = pressure in pounds 
per square foot. Recent experiments made at the Eiffel Tower and at 
the National Physical Laboratory of England give results represented 
approximately by the formula 


P = 0.0032V? 


for square surfaces varying from 10 to 100 sq. ft. in area. For larger 
areas the pressures were found to be somewhat less. Other experiments 
have shown that the intensity of pressure will vary considerably over 
large surfaces and that the maximum intensity will occur on small areas 
only. 

Ordinary structures in an exposed position will usually be safe if 
designed for a pressure of 30 lb. per sq. ft. If a given structure is in a 
position where it is partially protected from the wind, a pressure of 20 
lb, per sq. ft. or even less may be used. 

In the above discussion the results quoted are for surfaces perpendic- 
ular to the direction of the wind, the wind being assumed to act horizon- 
tally. Generally roof surfaces are inclined to the horizontal and hence 
are inclined to the direction of the wind. Since it is usually assumed that 
the resultant pressure of the wind is entirely normal to the roof surface 
it is necessary to determine a relationship between the horizontal pressure 
on a vertical surface and the normal pressure on an inclined surface. The 
most reliable results are believed to be given by the Duchemin formula, 
derived by a French army officer, Col. Duchemin, from experiments made 
in 1829. This formula is 


2 sina 
1+ sin? a 


P, =P 


in which P = unit pressure in pounds per square foot on a surface per- 
pendicular to the direction of the wind, P, = component of pressure 
normal to the roof, and a = angle which the inclined surface.makes with 
the direction of the wind. 

Although adequate experimental data on the subject is not avilable, 
it seems reasonable to assume that the wind pressure at high elevations 
is greater than at the surface of the ground. This question becomes 
important in the design of high slender structures such as radio towers. 
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In an article in the Engineering News-Record of March 16, 1922, 
page 442, R. Fleming recommends that radio towers be designed to 
withstand a wind pressure of 30 Ib. per sq. ft. up to 300 ft. height. For 
the upper parts of towers more than 300 ft. high he would add 214 lb. 
for every 100 ft. additional height, so that the upper 60 ft. of a 660-ft. 
tower, for example, would have a pressure of 40 lb. per sq. ft. 3 

lic. Railway Loadings.—Railway bridges are generally 
designed for a load system consisting of two consolidation locomotives 
coupled together and followed by a uniform train load. In the early 
days of bridge engineering in this country it was customary for each rail- 
road bridge engineer to select a loading which represented the heaviest 
train which would operate on his road and then to require that all bridges 
be designed for this loading. As might be expected there was a large 
variety of loadings which necessitated an unusual amount of tedious 
computation on the part of bridge designers. 

In 1894 Theodore Cooper proposed a set of typical engine loadings 
in which the wheel spacings remained constant for all weights of trains 
while the wheel loads for light and medium weight trains were propor- 
tional to the wheel loads for heavy trains. Cooper’s load systems were 
received with a great deal of favor and they have been used extensively 
in the design of railway bridges. 

Some bridge engineers have attempted to simplify the work of design 
still further by devising equivalent uniform load systems. An equiva- 
lent uniform load for calculating the stress in a given truss is one so 
chosen as to cause practically the same stresses as those due to the - 
specified axle loads. While this method has certain advantages over 
the method in which concentrated loads are used, it has not been used 
so extensively. 

If a railroad train were stopped on a bridge, the stresses in the mem- 
bers would be less than in the case where the train was moving rapidly 
over the structure. This may be caused by unbalanced locomotive 
drivers, rough and uneven track, flat or irregular wheels, or other minor 
influences. The stress produced in a member due to one or more of these 
causes is generally called impact stress. 

While it is impossible to determine the exact amount of the stress due 
to impact, yet it is essential that this dynamic effect be considered in 
some way. Most bridge engineers agree that the best way of allowing 
for impact is to arbitrarily increase the live load stress according to some 
rule or formula supposed to represent the effect of impact. 

11d. Highway Loadings.—The most common practice in 
highway bridge design is represented by the practice of some of the more 
important highway organizations. Probably the most recent review of 
highway load assumptions is given in the Report of the Committee on 
Reinforced Concrete Highway Bridges and Culverts presented in the 
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Proceedings of the American Concrete Institute for 1919. The following 
quotation is taken from this report. 


Many of the states are considering, and some have passed, laws to limit the 
weight of truck load fixed by the carrying capacity of the highways. It is reasonable 
to predict that this will nowhere exceed the effect of the weight of a 20-ton truck, two- 

thirds of the weight on the rear axle and one-third on the front axle, wheel base 11 ft. 
center to center, and wheel spacing 6 ft. center to center of tread. Noconcrete highway 
bridge should be designed for less than a 15-ton truck of the same dimensions or a uniform 
load of 125 lb. per sq. ft., disregarding an increased factor due to impact. 

So far as the investigation of street-car loadings has progressed they indicate that 
the maximum loading for city bridges should not exceed a 40-ton car, 19 ft. center to 
center of double-wheel truck, 4 ft. 6 in. center to center of wheels and 20 ft. 6 in. 
center to center of end wheels of adjoining cars entrain. This is equivalent to the 
loading of an average interurban car. It would seem advisable to add a live load 
increment of 25 per cent for impact. Special cases of heavier interurban cars would 
have to be treated accordingly. The tendency in street-car design is to reduce the 
existing loading. 


12. Conversion of Surface Loads to Joint Loads. 
12a. Roofs.—Since the snow and wind loads on a roof are 
applied to the whole roof surface and not to the joints of the roof trusses, 


NC 
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some means must be provided whereby these loads can be transferred 
from the roof surface to the truss Joints. 

A typical wooden roof framing system is shown in Fig. 5. _The roof 
covering, shingles in this case, is laid upon sheathing which in turn 1s 
supported upon the rafters. These rafters are parallel to the planes of the 
trusses and are supported upon purlins. The purlins span the distance 
between trusses and transmit their loads to the trusses. 
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In this particular case the purlins occur only at truss joints. When 
the top chord panel lengths exceed a certain amount, it becomes econom- 
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ical to reduce the span of the rafters by placing purlins at the centers of 
the top chord panels, even though this produces bending stresses in the - 
top chord members of the trusses. 
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It may be seen from Fig. 5 that each intermediate roof truss carries 
the load acting upon a roof area whose horizontal projection has a width 
equal to the distance center to center of trusses and a length equal to the 
truss span length. Obviously, each of the end trusses carries the load 
on just half this roof area. is 

In the steel roof framing system shown in Fig. 6 corrugated iron 
is used for the roof covering. Sheathing and rafters are omitted and the 
corrugated iron is laid directly on the purlins. However, in this case, 
purlins are placed half-way between top chord joints as well as at 
the joints themselves. 


Wie. Se 


12b. Bridges.—The framing of a common form of steel 
highway bridge is shown in Fig. 7. In this type of bridge the floor is 
generally made of reinforced concrete supported on stringers. ‘These 
stringers carry the load to the girders or floor beams which occur at every 
panel point of the lower chord. In this way any live load passing over the 
bridge floor is converted into joint loads acting at the panel points of the 
two trusses. 
Lateral rigidity is provided by the top and bottom lateral bracing 
and the portal bracing. 
The framing of a common form of steel railway bridge is shown in Fig. 
8. A railroad bridge differs from a highway bridge only in the construc- 
tion of the floor. In the open type floor system, the ties and rails take 
the place of the concrete floor in a highway bridge, the stringers being 


12 STRESSES IN FRAMED STRUCTURES [Sec. 1-13 


placed below the ties and almost directly beneath the rails. The stringers 
are supported by the floor beams and the floor beams are connected with 
the trusses in the same manner as for highway bridges. 


PRINCIPLES OF STATICS 
By W. M. Winson 


13. Statics.—Statics is the science which treats of forces acting upon 
bodies at rest.! 

14. Force.—A force is an action which, when applied to a body, 
changes its condition of rest or motion and also its form. 

A force is either a push or a pull. If a horse is hitched to a log by 
means of a rope, and the horse drags the log, there is a pull in the rope. 
The pull in the rope is a force acting on the log. Likewise, if a man 
pushes an automobile, the push of the hand is the force which moves the 
car. 

The effect of a force in changing the state of rest or motion of a body is 
apparent from everyday observation. When a croquet mallet strikes a 
ball, the ball changes from a state of rest to a state of motion. When a 
bat strikes a pitched ball, the ball changes from a motion in one direction 
to a motion in the opposite direction. In both cases the change in motion 
is a direct result of a force. 

Bodies at rest, however, are also acted upon by forces. This is due 
to the fact that not one force, but a number of forces act upon the body, 
and these forces, as far as their effect upon the motion of the body is 
concerned, annul each other. This phase of: the subject is discussed 
further in Art. 38. 

Likewise some examples of the effect of a force in changing the shape 
of a body are familiar. A rubber band is elongated. An eraser is com- 
pressed. A spring board is deflected. These particular changes in shape, 
or deformations, of a body are familiar to everyone because they are 
great enough to beseen. Similar deformations, however, take place in all 
bodies, when forces are applied to them. For example, a steel member of a 
truss subjected to tension elongates in the same manner as a rubber band, 
but because the elongation is small, it is not apparent. Nevertheless, 
it can be detected by the use of delicate instruments. 


1 Practically all engineering structures are bodies which remain at rest. It is 
true that as a train comes upon a bridge the bridge deflects slightly because of the 
weight of the train. But this movement is so small compared with the dimensions of 
the bridge, that the acceleration of the moving parts, and therefore the accelerating 
forces, are so small that they may, without appreciable error, be neglected in the 
analysis of the stresses in the structure. It is, in fact, the universal practice, in analyz- 
ing the stresses in ordinary engineering structures, to neglect the accelerating forces 


accompanying the deflection of the structure, and to treat the analysis of the stresses in 
the structure as a problem in pure statics, 
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15. Active and Passive Forces.—Some forces tend to move the bodies 
to which they are applied, whereas other forces prevent the bodies from 
moving. Ifa ball hangs by a string, gravity, acting on the ball, tends to 
move the ball and the tension in the string prevents it from moving. 
Likewise, some forces tend to change the form of a body, whereas, other 
_forces prevent changes inform. Thus, in the case of a plank supported 
at the ends, if a man steps on the plank at the center it will deflect. But if 
a support is placed under the center of the plank the support will prevent 
the plank from deflecting. 

A force which tends to move or to change the form of a body is known 
as an active force. 

A force which prevents a body from moving or which prevents a 
change in form of a body is known as a passive force. 

16. Elements of a Force.—Every force is composed of three elements; 
1.e., magnitude (including sense or sign), position and direction. 

The magnitude of a force is usually expressed in pounds. The sense 
or sign of a force is the direction along a line in which it acts, whether to 
the right or to the left, upward or downward. The sense of a force 
acting upward is opposite to the sense of a force acting downward. The 
sense of a force acting to the right is opposite to the sense of a force acting 
to the left. If a force acting upward is considered as positive, a force 
acting downward is negative. 

By position of a force is meant the location of the line along which the 
force acts. The position of a force is usually determined by locating one 
point in its line of action. 

By direction of a force is meant the general direction of the line along 
which the force acts. It may act along a vertical line, along a horizontal 
line, or along a line making a known angle with the horizontal. The 
horizontal line may run east and west, or it may run north and south. 

A force is not a known force unless all of its elements are known. 

17. Vector.—All elements of a force can be represented graphically 
by a single line. The position of the line fixes the position of the force; 
the direction of the line fixes its direction; the length 


of the line represents its magnitude; and an arrow- % moo 

head on the line determines its sense. De 
Aline which represents the magnitude, direction, = ig: 

and sense of a force is known asa vector. Thus,in “~o 

Fig. 9, the line CD passing through the point C, Fie. 9. 


and making an angle of 15 deg. with a line parallel 
to OX, fixes the position and direction of the force P. The length of 
the line mn fixes its magnitude, and the arrow, indicating that the force 
acts downward and to the left, determines its sense. 

In order to represent the magnitude of a force by the length of a 
line, it is necessary to establish a scale for converting distance into force—- 
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that is, it is necessary to establish that a line 1 in. long represents a force 
of 10 Ib., 100 lb., a ton, or any other convenient unit. If the scale decided 
upon is i in. = ,000 Ib., then a force of 4,500 Ib. will be represented by a 
line 4.5 in. long. eee with the same scale, a force-line 8.8 in. long 
represents a force of 8,800 Ib. 

The scale is deter mined arbitrarily but is influenced by the magnitude 
of the force and the size of the sheet of paper to be used. 

18. Action and Reaction.—Every force is accompanied by an acne 
and opposite force acting in the same line. One of these forces is known 
as an action, the other as a reaction. ‘Thus, in Fig. 10, a ball is suspended 
by a string. The ball exerts a downward force B upon the string; the 
string exerts an upward force S upon the ball. Furthermore, B and S 
are equal in magnitude, opposite in sense, and lie in the same line. Like- 
wise, if we consider any point in the string, we find that the 
lower portion of the string pulls downward upon that point 

and the upper portion pulls upward with an equal force 
| upon the same point. 
u If a book lies on a table, the book presses downward 
) upon the table and the table presses upward upon the 
book. An action is an active force and a reaction is a 

Fra. 10. passive force. The pressure of the book on the table is an 

action; the pressure of the table on the book is a reaction. 

19. External Force.—An external force upon a body is a force derived 
from some other body. In Fig. 10 the weight of the ball G and the pull 
of the string S are both external forces acting upon the ball. The reac- 
tion of the nail N and the pull of the ball B are both external forces acting 
upon the string. A man standing on a plank, a locomotive on abridge, 
the weight of a structure itself, are all external forces. If A and B are 
two adjacent members of a bridge truss, the load delivered by A to B is 
one of the external forces acting on the member B. 

An external force, if concentrated, is expressed as a force of a given 
number of pounds or tons. If the force is distributed, it may be expressed 
as a distributed force of a given number of pounds; as a force of a given 
number of pounds per square foot (or square inch) over a given area; or 
as a force of a given number of pounds per linear 
foot (or inch) over a given length. x 

20. Internal Force or Stress.—An internal force P —?sje—= f° 
is the force which one particle of a body exerts dee Joa 
an adjacent particle within the body. In Fig. 11 the Fig. 11. 
equal and opposite forces, P and P, are applied to the 
opposite ends of the rod AB. The forces P and P are external forces 
acting upon the rod. There is tension in the rod from A to B which 
elongates the rod the same as a rubber band is elongated. A particle C 
just to the right of the section xx pulls to the right upon the particle 
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D just to the left of the section. Likewise the particle D exerts a pull 
to the left upon the particle C. This action, a push or a pull, of one 
particle upon adjacent particles is an internal force. It is also known asa 
stress, or an internal stress. The internal force or stress is caused by, 
but must not be confused with, the external forces. 

An internal force or stress may be expressed as a total force of a given 
number of pounds; or it may be expressed as a stress of a given number of 
pounds per square inch or per square foot over a given area. 

21. Concentrated Force.—A concentrated force is a force that is 
applied on a point. No forces exactly satisfy this requirement. How- 
ever, forces which are distributed over very small areas are usually 
considered as concentrated forces. These include such forces as wheel 
loads from locomotives, the load from a column or girder, ete. 

22. Distributed Forces.—Distributed forces are forces distributed 
over a considerable area. The load on a floor slab, hydraulic pressure 
on the sides of a water tank, and the load on a girder supporting a wall 
over its entire length, are examples of distributed forces. 

23. Non-coplanar Forces.—Non-coplanar forces are forces that are 
not contained in a single plane. 

24. Coplanar Forces.—Coplanar forces are forces that lie in a 
single plane. 

25. Non-concurrent Forces.—Non-concurrent forces are forces that do 
not have a common point of intersection. In Fig. 12 the 
forces A, B, and C are non-concurrent since C does not 
pass through the point O, the intersection of A and B. 8 A z 

26. Concurrent Forces.—Concurrent forces are forces 
that do have a common point of intersection. In Fig. 18, 

A, B, C, and D are concurrent since, if they were extended, 
\ 2 they would all pass through the point O. 

2 aay 27. Equilibrium of Forces.——If a system of forces, when 
xe “c applied to a body at rest, does not cause the body to 
move, or when applied to a body in motion, does not 
change its rate of motion, then the system of forces is in 
equilibrium. If a system of forces is in equilibrium, any force of the 

~ system will balance all of the remaining forces of the system. 

28. Resultant of a System of Forces.—A single force that has the 
game influence upon the state of rest or motion of a body as a given 
system of forces, is called the resultant of that system. 

29. Equilibrant of a System of Forces.—Any force is completely 
annulled by an equal and opposite force acting in the same line. A 
force equal and opposite and acting in the same line as the resultant 
of a system will therefore annul the resultant and also annul the system 
itself—that is, it will hold the system in equilibrium. 

A single force that holds a given system in equilibrium is called 
the equilibrant of the system. An equilibrant is always equal and oppo- 
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site and acts in the same line as the resultant of asystem. For a system 
of forces to be in equilibrium each force must be the equilibrant of the 
remaining forces of the system. 

30. Components of a Force.—Two or more forces that produce the 
same effect upon the state of rest or motion of a body as a single force, 
are called the components of the force. 

31. Composition of Forces.—Finding the resultant of a system of 
forces is called the composition of forces. 

32. Resolution of Forces.—Dividing a force into its components is 
called the resolution of forces. 

33. Moment of a Force.—The moment of a force is the property by 
virtue of which the force tends to cause the body to which it is applied, 
to rotate about a given point known as the center of moments. The mag- 
nitude of the moment is the product of the force and its lever arm. The 
lever arm is the perpendicular distance from the center of moments to the 
line of action of the force. The force will tend to cause the body to rotate 
in either a clockwise or a counter-clockwise direction. The direction of 
the rotation indicates the sense of the moment. A clockwise moment is 
usually considered positive, and a counter-clockwise moment is usually 
considered negative. However, this designation of signs has been made 
arbitrarily and need not necessarily be followed. 

34. Couple.—A couple consists of two equal and opposite parallel 
forces. The lever arm of a couple is the perpendicular distance between 
the forces. 

35. Center of Gravity.—The center of gravity of a mass is the point 
of application of the resultant of the forces of gravity acting upon the 
individual particles of the mass. The center of gravity must satisfy this 
condition for all positions of the body. The resultant of the forces 
acting upon the individual particles is the weight of the mass. 

Surfaces do not have either mass or weight and therefore cannot have 
centers of gravity in the strictest sense of the term. However, if weight 
proportional to area is assigned to surfaces, and if the above definition 
of the center of gravity is applied, we have defined a point whose location 
is of practical value to the structural engineer. Although not in its 
strictest sense a center of gravity, this point is known as the center of 
gravity, or centroid, of an area. 

36. Moment of Inertia——Both experimental data and rational equa- 
tions establish the fact that if a mass moves about an axis with an 
accelerated (or retarded) motion of rotation, then the moment necessary 
to accelerate (or retard) each differential part cle of the mass is pro- 
portional to the quantity p’dM, in which dM is the mass of the particle 
and p is the distance from the center of gravity of the differential particle 
to the axs of rotation. Furthermore, for a finite mass, the moment 
necessary to produce a given angular acceleration is found to be pro- 
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portional to the quantity Zp2dM. This quantity has come to be known 
as the moment of inertia of the mass relative to the given axis. For 
algebraic convenience the quantity Zp’dM, the moment of inertia, is 
usually represented by I. 

The rational equations used to express the strength of structures 
frequently contain the expression SadF, Dy%dF, or Yp2dF, in which 
dF represents a differential element of a plane surface, x represents the 
distance of any element of the surface from the Y-axis lying in 
the plane of the surface, y represents the distance of any element of the 
surface from the X-axis lying in the plane of the surface, and p is the 
distance of any element of the surface measured from the Z-axis normal 
to the surface. Because of its similarity to the expression Za2dM 
and for algebraic convenience, the quantity Z=a’dF is known as the 
moment of inertia of the area relative to the Y-axis, and is represented 
by I,. Likewise, the quantity Dy?dF is known as the moment of inertia 
of the area relative to the X-axis, and is represented by J,; and the quan- 
tity Dp2dF is known as the moment of inertia of the area relative to the 
Z-axis, and is represented by I,. 

The quantities J, and I, are known as rectangular moments of inertia 
and I, is known as the polar moment of inertia of the area. 

Likewise, the quantity 2p?dS, in which dS is a differential length of 
a line and p is the distance from any axis, is known as the moment of 
inertia of the line. This quantity is likewise represented by I. 

The moment of inertia of a force is the product of the force and the 
square of the distance from the force to a given point or axis. The 
moment of inertia of a force is also known as the second moment of the force, 
inasmuch as it is the product of the moment and the lever arm. 

The structural engineer deals almost exclusively with stationary 
masses, and, therefore, he is interested primarily in the moment of inertia 
of areas, and he has but little occasion to use the moment of inertia of 
masses or lines. 

37. Radius of Gyration.—If all of a certain finite mass could be 
concentrated in one point, and if that point were so located that the 
moment of the inertia of the resulting mass relative to a given axis equals 
the moment of inertia of the original mass relative to the same axis, then 
the distance from the point where the mass is concentrated to the given 
axis, is known as the radius of gyration of the mass. The radius of gyra- 
tion is usually represented by r. Algebraically 


Likewise, for an area, r = ue ra anh h aat B 


38. Conditions for Equilibrium of a System of Forces.—For a system 


of forces to be in equilibrium, the system when applied to a body at 
2 


18 STRESSES IN FRAMED STRUCTURES [Sec. 1-39 


rest will permit the body to remain at rest; there will be no motion in 
a horizontal direction, no motion in a vertical direction, and no motion 
of rotation. The conditions which must be fulfilled by a system of forces 
in equilibrium may therefore be expressed as follows: In order that a 
system of forces may be in equilibrium, the sum of the horizontal forces must 
equal zero; the sum of the vertical forces must equal zero; and the sum of the 
moments about any point must equal zero. 

These three conditions for equilibrium are fundamental and may be 
expressed algebraically as follows.! 


zx = 0 ZY =0 z=M =0 


Every body at rest is acted upon by a system of forces in equilibrium; 
if it were not so, the body would not remain at rest. We can therefore 
draw the conclusion that for every body at rest, roof truss, bridge truss, 
etc.. 2X = 0, TY = 0, and YM = 0, in which 2X is the sum of all of 
the horizontal forces acting upon the body, ZY is the sum of all of the 
vertical forces acting upon the body, and 2M is the sum of the moments 
about any point of all of the forces acting upon the body. 

Since by definition the resultant of a system has the same effect 
upon the state of rest or motion of a body as the original system, the 
X-component of the resultant equals 2X of the original system. Like- 
wise, the Y-component and the moment of the resultant equal, respec- 
tively, ZY and 2M of the original system. 

39. Resultant of Two Coplanar Forces. 

39a. Graphical Method.—In Fig. 14, P and Q are two forces 
lying in the plane of the paper and intersecting at the point O. It is 
required to find the resultant of P and Q. 


a Tests in the laboratory have demonstrated that if 

q@._._+_,”@ 4 a parallelogram is constructed such that two adjacent 
op E os sides represent to scale any two forces, then the diagonal 
sites of the parallelogram formed upon the two forces as 

Fie. 14, sides represents to the same scale the resultant of 


the forces in both magnitude and direction. 

From a, the extremity of Q, draw the line ab parallel to P. Likewise, 
from c draw the line cd parallel to Q. The point e, the intersection of cd 
and ab, is the apex of the parallelogram, and the line Oe represents in 
magnitude, direction, and position, the resultant of P and Q. By apply- 
ing the proper scale, the distance Oe can be converted into pounds. By 
scaling the drawing, the direction of the resultant can also be determined. 

If the two forces do not intersect, extend the lines of action of the 
forces until the two lines do intersect. Then, since a force can be trans- 


‘X and Y need not be restricted to horizontal and vertical axes, but they may be 
allowed to represent axes in any two directions at right angles to each other and the 
equations will still hold, 
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ferred anywhere along its line of action, consider the forces to be applied 
at the point of intersection of their lines of action and find their resultant 
in the manner illustrated in Fig. 14. This construction is illustrated in 
Fig. 15. 

In Fig. 15, P and Q are two coplanar forces. The point of intersec- 
tion of their lines of action is e. Transfer P to P’ and 
transfer Q to Q’. Then R, the diagonal of the parallel- 


ogram formed upon P’ and Q" as sides, represents hie, yew ie 

magnitude, direction, and position the resultant of P ONS / 

and Q. a 
Fie. 15. 


In Figs. 14 and 15, the sense of FR is apparent when 
the sense of P and Q are known. In Fig. 14, the resultant of P and Q 
has been determined by constructing a parallelogram upon P and Q as 
sides. From an inspection of the figure it is apparent that Oae is a tri- 
angle whose sides are respectively equal and parallel to Q, P, and R. 

That is, instead of drawing the full parallelogram it is 

Y only necessary to draw the triangle that constitutes one- 

half of the parallelogram. This construction is illus- 

ate Noe, trated in Fig. 16. The lines of action of P and Q 

4 intersect ate. Transfer P to P’. From the extremity of 

Fre. 16. P’ draw a line bg equal in length and parallel in direction 

to the line representing the force Q@. From a similarity 

of the constructions in Figs. 15 and 16, eg of Fig. 16 is the resultant 

of P and Q. 

39b. Algebraic Method.—As stated above, it has been 

demonstrated experimentally that, if Oa and Oc of Fig. 14, represent to 

scale the magnitude, direction, and position of two forces P and Q, then 

Oe represents to the same scale the magnitude, direction, and position of 
the resultant f. 

Since the X-component of R equals =X for P and Q, R cos eOc = 
sin Qae 


seus The value 


P+Qcosa0c. Also, from the law of sines, % = 


of R can be obtained algebraically from either of these equations. 

40. Equilibrant of Two Coplanar Forces.—The equilibrant of a 
system of forces is always equal and opposite to the resul- 
tant, and always acts in the same line. This being true, 
if R of Fig. 16 is the resultant of P and Q, a force equal 
and opposite to R and acting in the same line as Ris the ; 
equilibrant of P and Q. 7 

Figure 17 is identical with Fig. 16, except that & has ut ike 
been replaced by £, a force equal and opposite to Rk and 
acting in the same line. The equilibrant H acts upward and to the 
left, and, as evidenced by the figure, all of the arrows representing 
forces are point to butt around the triangle. This brings us to the 


ra) 


onl Gi ab 
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basic principle of the graphical composition and resolution of forces 
which is: If three coplanar forces form a system in equilibrium, the 
lines representing the forces form a triangle, a closed figure, and the 
arrows are point to butt around the figure. 
41. Resolution of a Force into Two Components. 
41a. Graphical Method.—Since the resultant of two coplanar 
forces is represented by the diagonal of a parallelogram formed upon the 
two forces as sides, the components of a force par- 
4 allel to two given lines can be found by construct- 


bs ee 4 ing a parallelogram whose diagonal represents the 
a 3 known force and whose sides are parallel, respec- 
: ed ae tively, to the lines that determine the direction 
che SS o of the components. 
cries In Fig. 18, P represents any force. It is re- 
IG. < 


quired to resolve P into two components, one 
parallel to ab and one parallel to cd. 

Draw lines through e and g parallel to ab. Likewise draw lines 
through e and g parallel to cd. The two sets of lines intersect at h 
and k. Then eh and ek represent in magnitude, direction, and position 
the components of P parallel to ab and cd. 

41b. Algebraic Method.—If the angles between the lines are 
known, the magnitudes of the two components can be determined 
algebraically as follows: 

From the law of sines 


_ ,, sin egh 
CB yes sin ehg 

and 
Sees sin egk 


ekg 


42. Resultant of Any Number of Concurrent Coplanar Forces. 
42a. Graphical Method.—A system of coplanar forces 


eas Ma ? / 
oe. / Ni De 
=. \ 
NY, Vy si 
Fig. 19. HiGw 20) ieKey, Bile 


consists of a number of concurrent forces. It is required to find the 
resultant of the system. 

First combine any two of the forces to find their resultant. Then 
combine this resultant with a third force. The resulting force will be 
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the resultant of the first three forces. Combine this second resultant 
with a fourth force, to get the resultant of the first four forces. Pro- 
ceed in this manner until all the forces have been included and the last 
resultant will be the resultant of the whole system. 

In Fig. 19, P, Q, S, and T are concurrent forces lying in a plane. 
It is required to find the resultant of the system. 

Construct a parallelogram upon P and Q as sides. The diagonal of 
this parallelogram, Ri, is the resultant of P and Q. Likewise Re, the 
diagonal of the parallelogram formed upon & and S as sides, is the 
resultant of R; and S and, therefore, also the resultant of P, Q, and S. 
R;, the diagonal of the parallelogram formed upon R2 and T as sides, is 
the resultant of Rs and T and, therefore, also the resultant of P, Q, S, and 
T. That is, Rs represents in magnitude, direction, and position the 
resultant of the system. 

From an inspection of the figure it is apparent that Oa coincides 
with P, ab is equal and parallel to Q, be is equal and parallel to S, 
and cd is equal and parallel to 7. The resultant R3, which coincides 
with dO, could, therefore have been obtained by a simplified construction, 
as follows: From the extremity of P draw ab equal and parallel to 0. 
from b draw be equal and parallel to S, and from ¢ draw cd equal and 
parallel to T. Then the line Od, which closes the figure, represents, 
in magnitude, direction, and position, the resultant of P, Q, S, and T. 
This simplified construction is given in Fig. 20, in which the single 
force R is the resultant of the system. 

It is important to note that, whereas the forces of the original system 
are point to butt around the figure, the resultant 
is point to point and butt to butt with the adja- 
cent forces. 

42b. Algebraic Method.—In Fig. 

2025P>Q), 8, and 1 represent the forces of any 

concurrent coplanar system. It is required to 

obtain the resultant of the system by the alge- 
braic method. 

This problem will be solved by making use of the fact that the X- 
component of the resultant equals 2X for the system and the Y-compo- 
nent of the resultant equals ZY for the system. , 

As the position of the axes may be fixed arbitrarily, the X-axis will 
be made to coincide with the line of action of the force Q and the Y-axis 
will be taken normal to the X-axis. The angles that the lines of action 
of the forces make with the X-axis will be represented by p, s, and t. 
The X-components of the forces are, therefore, P cos p, Q, S cos s, and T 
cos t. The Y-components of the same forces are P sin p, 0, Ssin s, and T 
sin t. The X-component of the resultant, R, is, therefore, P cos p + 
Q+58 cos s+ T cos t, and the Y-component of the resultant fy is P 


Hire. 22% 
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sin p+0+Ssins+7' sint. The resultant, R, equals ~/R,? + R,?. 

The resultant passes through O and makes an angle with the X-axis whose 
ely 

tangent 1s iQ. 

43. Equilibrant of Any Number of Concurrent Coplanar Forces.—If R 
of Fig. 20, acting from O to d, is the resultant of P, Q, S, and T, then 
an equal and opposite force acting from d to O is the equilibrant of 
P,Q, S, and 7. Figure 21 is identical with Fig. 20 except that R has 
been replaced by H, an equal and opposite force acting in the same line. 
The system of Fig. 21, including the force Z, is in equilibrium. # was 
determined by the following construction: From a, the extremity of P, 
draw a line ab equal and parallel to Q, from b draw be equal and parallel 
to S, and from c, draw cd equal and parallel to T. Then dO, the line 
that closes the figure, is the force that holds the original system in 
equilibrium. 

The diagram OabcdO is known as a force polygon. It is a closed 
figure and the arrows are point to butt around the figure. This estab- 
lishes the fundamental principle for the graphical determination of the 
equilibrant of a system of concurrent forces, which is: For a system 
of concurrent coplanar forces to be in equilibrium the force polygon must 
be a closed figure and the arrows must be point to butt around the 
figure; and conversely, if the force polygon for a system of concurrent 
coplanar forces is a closed figure, and if the arrows are point to butt 
around the figure, then the system is in equilibrium. 

These statements relative to the graphical conditions which must be 
satisfied in order that a sy tem of forces may be in equilibrium are 
equivalent to the algebraic conditions for static equilibrium given in 
Art. 38. For if the force polygon is a closed figure, 2X = Oand SY =0 
no matter what direction the X- and Y-axes may take. 

44. Resultant of Any Number 
of Non-concurrent Coplanar Forces. 

44a. Graphical Method 

(Special Case).—In Fig. 23 the 

body AB is acted upon by the sys- 

Pos tem of forces, P, Q, S, and T. It 

1s required to find the resultant of 

the system. Extend P and Q until they intersect at the pointe. Their 

resultant is Ri. Extend R; and § until they intersect at f. Their 

resultant is R,. The resultant of Ry and T is k. The force R is there- 

fore the resultant of the forces P,Q, 8, and T, and, if R is applied to 

the body AB, it will have the same effect upon the motion of AB as the 

original system. A force equal and opposite to R is the equilibrant of 

the system and, when combined with the original system, forms a new 
system that is in equilibrium. 
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If the forces of a coplanar system are parallel, they wil not intersect 
and the method outlined cannot be used. If, however, two equal and 
opposite forces acting in the same line are introduced into a system of 
parallel forces, the resulting system is equivalent to the original system, 

-and the resultant of the new system can be determined by the method 
outlined in the preceding paragraph. This solution is used in the follow- 
ing problem. 

In Fig. 24, P, Q, and S are parallel coplanar forces. It is required to 
find their resultant. The arrows T' 
and V represent two equal and oppo- 
site forces acting in the same line 
that have been introduced into the 
system. The resultant of T, P, Q,S, 
and V is identical with the resultant 
of P, Q, and S, the original forces. 

The resultant of T and P is Ri; 
the resultant of Ri and Q is R; the 
resultant of R. and S is Rs; and the 
resultant of R3 and Vis R. Since 
R is the resultant of 7, P, Q, S, and 
V, it is also the resultant of P, Q, and 
S, the original system. As a check, 
R must be parallel to P and the length of R must equal the algebraic sum 
of the lengths of P, Q, and S. 

The constructions given in Figs. 23 and 24 are perfectly general, but 
they have the disadvantage that for many systems of forces the points 
of intersection are so widely scattered that they do not all fall on a sheet 
of drawing paper of ordinary size. For this reason a second construction 

has been devised which is more generally 
applicable. This construction is given in 
Art. 44c. 


Fia. 24. 


44b. Bow’s Notation.—In Fig. 

23 the forces are known as P, Q, S, and T. 
Obviously, as far as the effect of the forces is 
concerned, it is immaterial what system of nomenclature is used. How- 
ever, because it lends itself so admirably to the graphical resolution and 
composition of forces, one system of nomenclature has come into almost 
universal use. This system will be explained in connection with Fig. 25. 
In Fig. 25 the body AE is acted upon by a number of forces. 
Instead of having a letter representing a force, a letter is made to represent 
a space between two forces. Thus the letter B represents the space 
between two forces adjacent to each other at the left-hand end of the body, 
C represents the second space, D the third space, ete. The force itself 
is designated by the letters representing the spaces adjacent to the force. 


Fig. 25. 
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Usually upper-case letters represent the spaces and the corresponding 
lower-case letters represent the forces. Under this system the first 
force at the left-hand end of the body is represented by ab, the second by 
bc, and the following by cd, de, ef, and fa respectively. ‘The convenience 
of the system becomes apparent in connection with the determination of 
the resultant of a system of non-concurrent coplanar forces as set forth 
in the following article. 

This system of nomenclature is known as Bow’s notation. 

44c, Graphical Method (General Case).—In Fig. 26 the 
body AE is acted upon by the system of forces consisting of P, Q, S, T, 
and V. It is required to find the resultant of the system. 

From any point n, Fig. 27, draw the line na equal and parallel to P. 
From a draw ab equal and parallel to Q, from b draw be equal and parallel 
to S, from c draw cd equal and parallel to 7’, and from d draw de equal and 
parallel to V. For a single force to be the resultant of the system, its 
X-component must equal the algebraic sum of the horizontal compo- 
nents of the forces of the system. 
Likewise the vertical component 
of the resultant must equal the 
algebraic sum of the vertical 
components of the forces of the 
system. The algebraic sum of 

Fie 26 Fia. 27‘ the horizontal components of the 

system is represented in Fig. 27 

by x, the horizontal distance from n to e. The algebraic sum of the ver- 

tical components of the system is represented in Fig. 27 by y, the vertical 

distance from n toe. The only force which has horizontal and vertical 

components equal respectively to x and y is the force ne. But ne together 

with na, ab, bc, cd, and de forms a closed figure. This figure is known as 
the force polygon. 

A force equal and opposite to ne is the equilibrant of the system, and, 
together with the original system, forms a new system that is in equilib- 
rium. Therefore we can say that: If a system of non-concurrent 
coplanar forces is in equilibrium, the force polygon will be a closed figure 
and the arrows will be point to butt around the figure. 

The force polygon of Fig. 27 determines the magnitude, direction, and 
sense of the resultant of the system of forces in Fig. 26, but the line of 
action, or the position of the resultant, remains to be determined. 

To determine the position in Fig. 26, of the resultant of the given sys- 
tem of forces, make the following construction: 

From any point o in Fig. 27 draw the lines oa, ob, oc, od, oe, and on. 
From any point o’ on the line of action of P in Fig. 26 draw a line parallel 
to oa of Fig. 27. This line cuts the line of action of Q at the point a’. 
From a’ draw a line parallel to ob of Fig. 27. It intersects the line of 
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action of S at the point 6’. From b’ draw a line parallel to oc. It inter- 
sects the line of action of T at the point ce’. From c’ draw a line parallel 
to od. It cuts the line of action of V at the point d’. From d’ draw a 
line parallel to oe and from o’ draw a line parallel to on. These two lines 
intersect at n’, and n’ is a point on the line of action of the resultant ne. 
The magnitude, direction, and sense of the resultant is given by ne of 
Fig. 27, and its position is fixed by the location of the point n’ in Fig. 26. 
The resultant R is therefore completely determined. A force equal and 
opposite to R, and acting in the same line as R, is the equilibrant of the 
system, and together with the original system forms a new system which 
is in equilibrium. 

The statement is made above that n’ in Fig. 26 is a point on the line 
of action of the resultant of the system. To prove that this statement is 
true, consider that the construction is made, and introduce at o’ of Fig. 
26 the force X equal and parallel to on of Fig. 27. Likewise, introduce 
at n’ of Fig. 26 a force Y equal and parallel to no of Fig. 27. Since o’n! 
was drawn parallel to on, both of these forces will lie in the line o’n’; 
and since they are equal and opposite they will completely annul each 
other and will not affect the original system. In other words, the result- 
ant of the new system will also be the resultant of the original system. 

In Fig. 27, the resultant of on and na, which represent X and P, is 
represented in magnitude and direction by the line oa. But o’a’ was 
drawn parallel to oa. Furthermore, X and P both pass through 0’. 
Therefore, the resultant of X and P lies in the line o’a’, and its 
magnitude and sense are represented by oa. The resultant of oa and 
ab is represented in magnitude and direction by ob. But a’b’ was 
drawn parallel to ob. Also, both Q and the resultant oa of X and 
P, pass through a’. Therefore, the resultant of X, P, and Q lies in 
the line a’b’ and its magnitude and sense are represented by ob. 
Likewise, the resultant of X, P, Q and S lies in the line b’c’ and its magni- — 
tude and sense are represented by oc; the resultant of Xo PaQi Ss panded, 
lies in the line c’d and its magnitude and sense are represented by od; 
the resultant of X, P, Q, 8, T and V lies in the line d'n' and its magnitude 
and sense are represented by oe. This last resultant and Y are equivalent 
to the original system, and therefore their resultant will be the resultant 
of the original system. But the resultant of X, P, Q, 8S, T, and V, as has 
just been demonstrated, lies in the line d’n’, and Y, as introduced, was 
made to lie in the line o’n’. Therefore, the resultant of the whole system 
must pass through the point n’, the intersection of d’n’ and o’n’. Thus 
the intersection of these two lines determines one point on the line of 
action of the resultant whose location was to be determined. 

Figure 27 is known as the force polygon. The point o, arbitrarily 
located, is known as the pole of the force polygon. The dotted lines oa, 
ob, oc, etc., are known as the rays of the force polygon. The force polygon 
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is used to determine the magnitude, direction, and sense of the resultant 
or of the equilibrant of any system of non-concurrent coplanar forces. 
It should be noted that the rays connecting the pole to the two extremities 
of a force in the force polygon may be considered as components of that 
force. 

Figure 26 is known as the space diagram. The polygon 0’a’b’c'd'n'o’ 
is known as the funicular polygon. The dotted lines o’a’, a’b’, etc., 
parallel to the corresponding rays of the force polygon, are known as the 
strings of the funicular polygon. The space diagram is used to determine 
the line of action of the resultant or of the equilibrant of any system of 
non-concurrent coplanar forces. 

It is to be noted that although in drawing the force polygon the forces 
may be taken in any order, the forces must be considered in the same order 
in both the force polygon and the space diagram. In general, it is satis- 
factory to begin with the force at the left-hand end of the body on which 
the forces act and take the forces in order, going around the body in a 
clockwise direction. It should be remembered, however, that this is 
merely a convenient order, and need not be followed if, in any particular 
case, a more convenient order suggests itself. 

It is also to be noted that although o can be located anywhere, and o’ 
can be located anywhere on the first force considered, these points should 
be located so as to make the space diagram compact. To illustrate the 
difficulties that might arise, if o were located considerably below a, all rays 
would be inclined upward and to the right, and the space diagram would 
extend a considerable distance in a vertical direction. 

It is further to be noted that the first string of the funicular polygon, 
o’n’, is parallel to the ray of the force polygon drawn to the butt of the first 
force considered; also that the last string of the funicular polygon, d’n’, 
is parallel to the ray of the force polygon drawn to the point of the last 
force. 

The discussion of this section is summarized in the following 
instructions: 

To determine the resultant of any system of non-concurrent coplanar 
forces: 

(1) Draw a force polygon by drawing the forces point to butt around 
the figure, taking the forces in a clockwise order around the body on 
which the forces act. A line drawn from the butt of the first force to 
the point of the last force represents in magnitude, direction and sense 
the resultant of the given system. 

(2) From any point selected as a pole, draw lines to the vertices of the 
force polygon. These are the rays of the force polygon. 

(3) In the space diagram, from any point on the line of action of the 
first force considered, draw a line parallel to the ray extending from the 
pole to the butt of the first force in the force polygon. This is the first 
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string of the funicular polygon. From the same point on the first force 
in the space diagram, draw a second string parallel to the ray extending 
to the point of the first force in the force polygon. From the point where 
this string cuts the second force draw a third string parallel to the succeed- 
ing ray of the force polygon. Proceed in this manner until strings have 
been drawn in the space diagram corresponding to all rays in the force 
polygon. The last string will be parallel to the ray extending to the point 
of the last force in the force polygon. The intersection of the first and 
last strings of the funicular polygon is one point on the resultant of the 
system of forces. 

(4) With one point on the resultant located in the space diagram, and 
with the magnitude, direction, and sense of the resultant given by the force 
polygon, the resultant is completely determined and can be represented 
by a line in the space diagram. 

44d. Algebraic Method.—In determining the resultant of 
any system of non-concurrent coplanar forces by the algebraic method, 
the resultant will first be determined in magnitude, direction, and sense, 
and then its line of action will be located. 

Consider a system of forces consisting of P, Q, S, T and V. Select 
any system of coordinate axes normal to each other. For convenience 
let the X-axis coincide in direction with the line of action of V. Let the 
angles which P, Q, S and T make with the X-axis be represented by p, 
gq, s, andt. Then the X-components of the forces will be P cos p, Q cos q, 
S cos s, T cost, and V. And the Y-components of the forces will be P 
sin p, Qsing, Ssins, Tsint,and0. The X-component of R equals 2X, 
equals P cos p + Q cosqg +S coss + T cost +Q. The Y-component 
of Requals ZY, equals Psinp + Qsing+Ssins +7 sint + 0. The 
magnitude of R is ~/>X? + DY? and the tangent of the angle which Rk 


makes with the X-axis is es The sense of R will be determined from 


the sense of 2X and of ZY. 

To determine the location of the resultant it will be necessary to use 
the equation =M =0. The center of moments can be located at any 
convenient point. Since all elements of the original system of forces 
are known, the moments of the forces can be determined. Let p represent 
the lever arm of P, likewise let q, s, #, and v represent the lever arms of 
Q,S,TandV. Then 2M = Pp + Qqr Ss + Tt + Vo = Rr, in which 
Rr is the moment of the resultant. Any one or all of the moments of the 
forces may be negative depending upon whether the indicated rotation is 
clockwise or counter-clockwise. The magnitude, direction and sense of 
R being known, the only unknown quantity in the equation 2M = 0, is 
r, the lever arm of R. This distance can therefore be computed. With 
the lever arm of R known, one point on the line of action of & can be deter- 
mined in the following manner: Through the center of moments draw 
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a line normal to the line of action of R. From the center of moments lay 
off on this line a distance equal tor. The point thus located will be one 
point on the line of action of the resultant. Since the direction of R is 
known, locating one point on its line of action completely determines its 
position. 

If the forces are parallel, the resultant will be parallel to the forces 
and the magnitude of the resultant will be the algebraic sum of the 
component forces. The location of the resultant can be determined from 
the moment equation the same as for the general case. 

45. Equilibrants of Any Number of Parallel Coplanar Forces.—It 
frequently happens that it is necessary to determine the magnitude of two 
forces whose position and direction are known, which, acting together, 
will hold the given system of parallel forces in equilibrium. The problem 
of determining the reactions 
on a girder carrying a system 
of vertical loads is of this 
nature. The method of solv- 
ing this problem is as follows: 

The lines AB, BC and CD 
of Fig. 28 represent three par- 
allel forces. It is required to 

F1c.28. Frc. 29, determine two forces, one act- 
ing in the line DF and the 
other in the line F'A, which will hold the given system in equilibrium. 

In Fig. 29, draw the load line consisting of ab, bc, and cd equal and 
parallel respectively to the forces ab, be, and cd. (Bow’s notation.) 

The line ad represents the algebraic sum of the forces acting along 
the lines DF and FA. It remains to determine the magnitude and sense 
of each. 

With any point o as a pole draw the rays of the force polygon oa, 
ob, oc, and od. Beginning at any point o’ in the line FA, draw the 
strings of the funicular polygon 0’a’, a'b’ , b’c’, and c’d’ parallel respectively 
to the rays oa, ob, oc, and od of the force polygon. The line 0’d’ is called 
the closing line of the funicular polygon. From 0, the pole of the force 
diagram, draw a line parallel to the closing line o’d’. It cuts the load line 
ad in the point f, and the lines df and fa represent the magnitude of the 
forces that, acting along DF and FA, will hold the given system in 
equilibrium. The proof of this statement is as follows: 

Consider that the force polygon and the space diagram have been 
constructed. Introduce into the system the two equal and opposite 
forces T and V. The line of action of these forces is the closing line of the 
space diagram and the magnitude of these forces is represented by of and 
fo, respectively, of the force polygon. Let fa represent a force that 
has been introduced in the line FA. Although we do not know that it is 
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the desired force, we do know that the resultant of this force and the 
force T acts along the line 0’a’, for o’a’ by construction is parallel to oa. 
Also, the resultant of 7’, fa, and ab acts along the line a’b’; the resultant of 
T, fa, ab, and.be acts along the line b’c’; and the resultant of T, fa, ab, bc 
and cd acts along the line c’d’. The forces T, fa, ab, bc, and cd 
ean, therefore, be held in equilibrium by a single force applied at d’ equalin 
magnitude to do and acting along the line d’c’. If two forces are intro- 
duced at d’, one equal and parallel to fo, and the other equal and parallel 
to df, their resultant will equal do and will lie along the line d’c’, since 
c’d’ was drawn parallel to od. Therefore, df and fo applied at d’, together 
_ with 7 and fa applied at o’, will hold ab, bc, and cd in equilibrium. But 

fo applied at d’ completely annuls 7 applied at 0’, so that we have finally 
that df applied at d’ and fa applied at o’ balance ab, bc, and cd. 
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The construction which has just been presented for determining the 
magnitude of two forces that will balance a given system of parallel 
forces can also be used to determine the resultant or the equilibrant of 
a system of parallel forces. 

In Fig. 30, ab, be, cd and de are four parallel forces. It is required 
to determine the resultant of the system. 

Construct the load line abcde of the force polygon. Select any 
point o as the pole and draw the rays oa, ob, oc, od, and oe. Locate 
any two lines as zx and yy parallel to the forces. Beginning at any 
point o’ in the line z# draw the funicular polygon o’a'b’c'd'e’o’ with 
strings parallel to oa, ob, oc, od and oe. Extend o’a’ and e’d’ until 
they intersect at p. The point p is one point on the line of action of R. 
The resultant R is, therefore, represented in magnitude by ae and it will 
pass through the point p. The proof of this construction is similar to 
the proof of the previous construction. 
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After the construction has once been established, the lines x2, yy, 
o’a’, d’e’ and o’e’ can be eliminated. The construction then becomes 
as follows: 

In Fig. 31, draw the force polygon with the Tays 04, ob, oc, od and 
oe. Beginning at a’, any point on the line of action of ue draw the 
strings of the funicular polygon a’p, ab’, b’c’, c'd’ and d'p parallel 
respectively to the rays oa, 0b, oc, od and oe. The point p, the inter- 
section of a’p and dp, is one point on the line of action of the resultant. 

46. Moment of a Couple.—In Fig. 32, the two forces P and Q are 
equal, opposite, and parallel. Therefore, according to Art. 34, P and Q 
form a couple. It is required to find the moment of the couple. 

Let O represent any point in the plane of PandQ. The moment of Q 
about O is —Qz; and the moment of P about Ois +P(a-+ <2). Therefore 
the moment of the couple about O is (Pa + Px — Qx). But P and Q are 
equal in magnitude so that —Qz is annulled by +Pz and the moment of 
the couple is Qa, or Pa. That is, the moment of a couple is independent 

of the location of the center of moments, and it equals 
of, oA. He in magnitude the product of one of the forces multiplied 
yey by the normal distance between the forces. This 
product is usually represented by Pa. Since the 
moment of a couple always equals Pa, a couple can be 
moved, either rotated or translated, to any place in its 

own plane without changing its moment. 

Both 2X and ZY of a couple equal zero for P, is equal and opposite 
to Q., and P, is equal and opposite to Q,. Therefore a couple can be 
moved any place in its own plane without changing the values of >X 
and ZY of the couple. 

We have finally, therefore, that a couple can be moved any place in 
its own plane without changing 2M, DX, or DY. Further, a couple can 
be replaced by any other couple in the same plane without affecting the 
system of forces of which it forms a part, so long as the moment of the 
new couple equals, in magnitude and sense, the moment of the original 
couple. That is, the couple can be translated and rotated, and the mag- 
nitude of P can be changed so long as there is a simultaneous change in a 
such that the product, Pa, remains constant. 

47. Illustrative Problems in Statics. 

47a. Summary of the Fundamental Conditions for Static 
Equilibrium.—The fundamental conditions for static equilibrium are as 
follows: 

For a system of coplanar forces to be in equilibrium ZX = 0, TY = 0 
and XM = 0. 

For a system of coplanar forces to be in equilibrium the force polygon 
must be a closed figure with the arrows point to butt around the figure, 
and the first and last strings of the funicular polygon must intersect in a 
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point on the line of action of the one force which holds the balance of the 
system in equilibrium. 

The statement that the force polygon must be a closed figure with the 
arrows point to butt around the figure is equivalent to saying that 
zX =0and ZY =0. Similarly, the statement that the first and last 
strings of the funicular polygon must intersect in a point on the line 
of action of the force which holds the balance of the system in equilibrium, 
is equivalent to the statement that =M = 0. 

47b. Determination of Unknown Elements of a System 
of Forces.—It has just been stated that for a system of forces to be in 
equilibrium three conditions must be satisfied. Therefore, if a system 
is in equilibrium three unknown elements in the system may be deter- 
mined. These unknown elements may all relate to one force, to two 
forces, or to three forces. The three elements of a force are magnitude 
(including sense), direction, and position. The conditions for static 
equilibrium can therefore be used to determine various combinations of 
three of these unknown elements. Either the algebraic or the graphical 
method may be employed. 

47c. Determination of the Magnitude, Direction, and Posi- 
tion of a Single Force. 

Algebraic Solution.—Figure 33 represents a body acted upon by a force 
of 50 lb. at A, a force of 20 lb. at C, and a force 
of 10 lb. at D. Itis required to find the magni- 3; 
tude, direction, and position of a single force which 7 
combined with the given forces will form a system 
in equilibrium. 

There are three unknown elements, and, as three 
equations are available, the unknowns can be deter- oo 
mined. The equations are 2X = 0, ZY =0, 
2M =0. The X-axis will be taken parallel to CD and the Y-axis will 
be taken parallel to AD. Moments will be taken about the point A.! 

Let the force which is to be determined be represented by P.and let 
the X-component of this force be P;, and the Y-component P,. 

The X-component of the force at A is 40 lb. and the Y-component is 
30 lb. 

Brom 2 X.— 0s werhave. 2X = 40 1b. --P,-—' 0) or PP, = —40:lb. 
roman. Omweshave 2 = 10) 202306?) = 0 or Py =.0. 


1 The axes can be taken in any position and the moments can be taken about any 
point. However, we should choose the axes and the center of moments so as to make 
the algebraic work as simple as possible. With the axes as chosen, the forces at C and 
D are parallel to the Y-axis so that the Y-components equal the forces themselves, and 
the X-components are zero. Likewise, with the center of moments at A, the lever 
arms of the forces at A and D are zero and the forces do not enter the 
moment equation. 
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The force P, therefore, that balances the given system is a horizontal 
force of 40 lb. acting to the left. 

From the equation 2M = 0, we have 2M = P,y — (20)(20) = 0, in 
which y is the vertical distance of P from A. Solving this equation for 
y, we have y = 10 ft. The moment of P about A must balance the 
moment of the force at C about the same point. Since this latter moment 
is counter-clockwise, the moment of P must be clockwise. ‘Therefore P 
is below and a distance of 10 ft. from A. 

We have finally, then, that the force P, which balances the given sys- 
tem, is a horizontal force of 40 lb., acting to the left, at a distance 10 ft. 
below A. The force is therefore completely determined. 

Graphical Solution—The graphical solution of the above problem is 
as follows: 

The body together with the forces acting upon it is reproduced in 
Fig. 34. The first step is to draw a force polygon. In this case we will 
use a scale of 1 in. = 20 lb. 

To construct the polygon, from any point / draw the line 12 which, 
to the predetermined scale, is equal | 
and parallel to the force D. Since 
D is 10 |b. it will be represented by 

a2 a line 14 in. long. Likewise draw 

L2R¥ 23 parallel to A, 214 in. long; and 

draw 34 parallel to C, 1 in. long. 

ee The line 41 which closes the figure 

is found to be parallel to CD and, 

when measured, is found to be 2 in. long, representing a force of 40 lb. 

The line 41 represents the force P which was to be determined. Since 
the arrows must be point to butt around the figure, P acts to the left. 

It will be necessary to draw the space diagram to locate the position 
of P. Select o as the pole of the force polygon and draw the rays o1 , 08, 
03, and of. Beginning at 0’, any point on the line of action of D, draw 
the funicular polygon 0’2’3’4’0’. The line 0/4’ ig parallel to of and the 
line 3’4’ is parallel to 04. These two lines intersect at the point 4’, 
one point on the, line of action of P. By scaling the drawing it is found 
that the point 4’ is 10 ft. below AB. The force P necessary to hold the 
given system in equilibrium is therefore a horizontal force of 40 lb. acting 
to the left and located a distance of 10 ft. below the line AB. 

47d. Determination of the Magnitude of One Force, and the 
Direction and Position of a Second Force. 

Algebraic Solution.—Figure 35 represents a body acted upon by the 
forces P, A, C, D, and EZ. The forces C, D, and E are completely deter- 
mined; the force at A is known in position and direction but unknown in 
magnitude; and the force P is known to have a magnitude of 100 lb. but its 
direction and position are unknown. It is required to find the magnitude 
of the force at A and the direction and position of the force P. 
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As before, we will make use of the three equations, 2X = 0, ZY = 0, 
and 2M =0. From 2X = 0, we have =X = P, — 60 (the X-compo- 
nent of the force at D) = 0, or P, = 60 lb. acting to the right. Since P, = 
60 lb., and since P = 100 lb., P, must = + +/1002 — 60? or £80 Ib. 

The fact that the Y-component of P may be either plus or minus 

indicates that there are two sets of values that will satisfy the conditions 
for equilibrium. First, let us consider the case in which the Y-component 
of P is upward. Applying the equation SY = 0, gives ZY = 80 — 30 
— 80+40+A=0. In this equation it has been assumed that the 
force at A acts upward. Solving the equation we get A = —10, which 
shows that the force at A, instead of being an upward force as assumed, is 
a downward force of 10lb. We do not know the position of P, but we do 
know that the line of action of P must cross the line AE or AE extended. 
Consider that P has been resolved into its X- and Y-components at the 
point where it crosses AH. The X-component of P will then have a 
moment about A = 0, andif we write 2M = 0, 
we will get 2M = (30)(20) + (80)(30) — (60) 
_ (18) — (40)(80) — (80)(x) = 0, in which z is 
the horizontal distance from A to the point in 
which P crosses AH. In this equation it has 
been assumed that the moment of P about A is 
counter-clockwise. Solving this equation for 
80x, we find that our assumption relative to 
the sign of the moment at P was correct; that 
is, the moment of P is actually negative and, Fia. 35. 
inasmuch as the Y-component of P is upward, 
P will cross AF to the right of A. Solving the above equation for z, 
gives x = 9 ft., which shows that if the upward value of the Y-com- 
ponent of P is taken, then P crosses the line AF at a distance of 9 ft. to 
the right of A, it acts upward and to the right, and it makes a slope with 
AE of 60 horizontal to 80 vertical. The magnitude of A and the posi- 
tion and direction of P are therefore determined. 

It remains to determine the corresponding values when the Y-compo- 
nent of P is taken as acting downward. Applying the equation ZY = 0, 
we have ZY = —80 — 30 — 80+ 40+ A =0. Solving this equation 
for A gives A = 150 lb. As before, consider that P has been resolved 
into its X- and Y-components at the point where P crossesAE. Applying 
the equation 2M = 0 with the point A as center of moments, we have 
2M = (30)(20) + (80) (80) — (60) (18) — (40)(30) + (80)(z)= 0. Solv- 
ing this equation we find that P,« is negative, which indicates that our 
assumption as to the sign of the moment of P about A is wrong. Since 
the Y-component of P is downward, for the moment to be negative P 
must intersect AH extended to the left of A. Solving the equation for 
gives « = 9 ft. We have, then, finally that if the Y-component of P 
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acts downward, the force P crosses AH extended at a point 9 ft. to the 
left of A, acts downward and to the right, making a slope with AE of 60 
horizontal to 80 vertical, and the force at A is equal to 150 lb. acting 
upward. 

Graphical Solution—The force polygon is represented by Fig. 36. 
The lines 12, 23 and 34 are equal and parallel respectively to the forces 
C, D, and E of Fig. 37. The force polygon from 4 to 1 is to be closed by 
two forces; one of these forces, being parallel to A, is vertical; the other 
is known in magnitude, having been given as a force P equal to 100 lb. 
The two remaining sides will therefore consist of one vertical line through 
the point 4 and one line passing through 1 whose length represents to scale 
a force of 100 lb. To construct these sides, draw a vertical line through 
4; with the point / as a center and with a radius whose length represents 
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to scale a force of 100 lb., describe an are: this are cuts the vertical line 
through 4in the points 6and 6. Apparently, therefore, the force polygon 
can be closed with either the lines 44 and 41 or by the lines 46 and 61. 
Scaling from the drawing, the line 45 represents a downward force of 10 
lb., and the line 46 represents an upward force of 150 lb. The line 51 
represents a force acting upward and to the right with a slope of 60 
horizontal to 80 vertical and 61 represents a force acting downward 
and to the right with a slope of 60 horizontal to 80 vertical. The 
forces corresponding to either 45 and 451 or the forces corresponding to 
46 and 61 will satisfy the conditions that 2X = 0 and ZY = 0. 

It will be necessary to draw a space diagram in order to locate the 
position of the force P. Locate a pole o and draw the rays of the force 
polygon as shown. Beginning at any point in the line of action of the 
force at C, as o’, draw the lines 0’2’, 2’3’, 3’4’, parallel respectively to the 
rays 02, 08, and o4 of the force polygon. The completion of the funicular 
polygon depends upon which pair of forces is to be considered. 

If the forces represented by 45 and 41 are to be considered, then the 
funicular is completed by drawing a line through o’ parallel to of and 
drawing a line through 4’ parallel to 05. These lines intersect at the point 
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5’, one point on the force P whose position is to be determined. The 
direction of P is given by the line 51 in the force polygon, and we find that 
P cuts the line AE at a point 9 ft. to the right of A. The force A which, | 
combined with P, holds the system in equilibrium is represented by 45 
and is a downward force of 10 lb. 

If the forces represented by 46 and 61 of the force polygon are to be 
considered as the forces that hold the given system in equilibrium, 
then the funicular polygon is completed as follows: From o’ draw a line 
parallel to o 7, and from 4’ draw a line parallel to 06. These lines inter- 
sect at 6’ and the force P’, equal and parallel to 61 of the force polygon and 
passing through 6 of the space diagram, is the force that was to be deter- 
mined. Extending P’ until it intersects AZ, we find that P’ cuts AE at a 
point 9 ft. to the left of A. All elements of P’ therefore are known. The 
force A that, acting with P’ holds the system in equilibrium, is repre- 
sented by the line 46 and is an upward force of 150 lb. 

47e. Determination of the Magnitude of One Force and the 
Magnitude and Direction of a Second Force.—Figure 38 represents a body 
in equilibrium under the action of the 
forces A, B,.C, and D. Allelements of = («--~ ao od 
B and C are known; the direction and Bee 
position of D are known and the position 
of A is known. It is required to find the 
magnitude of D and the magnitude and 
direction of .A. ran 38: 

Algebraic Solution.—lIntroduce coordi- 
nate axes such that the X-axis coincides with DC and the Y-axis coincides 
with DA. The X-component of B is 80 lb., and the Y-component of B 
is 60 lb. 

From >M = 0 with A as the center of moments, we have 2M = 

1,200 — 900 

(90)(10) — (60)(20) + (D.)(10) =0, or Dz = aera a ie 30° Ib. 
The moment of D, was assumed to be clockwise and the sign of 10D, came 
out plus, indicating that the assumption was correct. Therefore the 
X-component of D is a horizontal force of 30 lb. acting to the left. Since 
D has a slope of 1 horizontal to 1 vertical, the Y-component of D is a 
downward force of 30 lb. The force D itself is, therefore, equal to 
4/302 + 302 = 42.3 Ib. acting downward and to the left. . 

From >X = 0, we have =X = A, — 30 — 90+ 80 = 0, or Az = 
40 lb. 

The component A, was assumed to be plus and its value came out 
plus, indicating that the assumption was correct. 

From ZY = 0, we have DY = A, — 30 + 60 = 0, or Ay = —30. 

The component A, was assumed to act upward but its value came out 
negative, indicating that the assumption was wrong. Therefore the 
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vertical component of A is a downward force of 30 lb. The magnitude 
of the force A is equal to +/302 + 40? = 50 1b. The force A, therefore, 
has a magnitude of 50 lb., passes through the point A, and acts downward 
and to the right with a slope of 30 vertical to 40 horizontal. 

Graphical Method.—This problem cannot be solved graphically by the 
method given in Art. 44c, for the force polygon cannot be drawn when 
the magnitudes of two forces and the direction of one are unknown. 
The fol owing method will be used instead: 

In Fig. 39, extend the lines of action of B and C until they intersect 
ate. Determine their resultant R. Extend the lines of action of R and D 
until they intersect at f. By construction, f is one point in the line of 
action of the resultant of B, C, and D. If A, B, C, and D form a system 

in equilibrium, A is the equilibrant of B, 

ae C, and D and, therefore, its line of action 

# Oe must coincide with the line of action of 

the resultant of B, C, and D. That is, 

A must pass through f. Since the force 

A must also pass through the point A, its 
line of action is Af. 

With the line of action of A known, the force polygon can be con- 
structed as follows: Beginning at 0, draw b and ¢ equal and parallel, 
respectively, to the forces B and C. From the point of c draw a line 
parallel to the force D. Likewise, through the butt of 6 draw a line 
parallel to Af. The intersection of these two lines will close the force 
polygon and will determine the magnitudes of the forces A and D. The 
direction of A is determined by the line Af. The sense of A and D 
are determined by making the arrows point to butt around the force 
polygon. The magnitude of A and D can be obtained by scaling the 
drawing. 

48. Location of the Center of Gravity of an Area.—If an area is sym- 
metrical about two separate lines, the center of gravity is at the point of 
intersection of the two lines of symmetry. The center of gravity of a 
circular area is at the intersection of any two diameters; of a square at the 
intersection of the two diagonals; and of a rectangle at the intersection of 
the two diagonals. The center of gravity of a triangle is at the intersec- 
tion of two lines each of which is drawn from a vertex to the middle of 
the opposite side. 

If the outline of a surface is such that the center of gravity can not be 
determined by any of the above rules, then it is necessary to divide the 
total area into smaller areas, such that the center of gravity of each can 
be determined by inspection. Then each area is treated as a force pro- 
portional to the area, and applied at the center of gravity of the area. 
The resultant of these forces passes through the center of gravity of the 
area asa whole. By considering that the gravity forces act in one direc- 
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tion in the plane of the surface, a resultant in that direction can be 
determined. Then, by having the forces act in another direction, also 
in the plane of the surface, a second resultant can be determined. The 
intersection of the two resultants is the center of gravity of the area as 
a whole. 


Illustrative Problem. Algebraic Solution.—¥Figure 40 represents the section of a 
T-beam. It is required to find the location of its center of gravity. 

Since the area is symmetrical, the center of gravity will be somewhere on the center 
line. It remains to determine the distance of the center of gravity from the axis OY. 

Consider the area to be so located that the gravity lines are parallel to OY. Divide 
the section into the two areas A and B. The area of A is 60 sq. in. and the area of B 
is 108sq.in. The center of gravity of A is on the center line, and at a distance of 5 in. 
from OY. The center of gravity of B is on the center line. and at a distance of 13 
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in. from OY. The problem then reduces itself to determining the location of the 
resultant of the two parallel forces, one having a magnitude of 60, and the other a 
magnitude of 108. The magnitude of the resultant is 168. From =M = 0, with O 
as the center of moments, we have 2M = (168)(x) = (60)(5) + (108)(138), or z = 
10.14 ft. The center of gravity is therefore on the center line and at a distance of 
10.14 in. to the right of OY.* 

Graphical Solution.—The forces A and B of Fig. 41 are proportional to the areas 
A and B of Fig. 40. The magnitude of A is 60 and of Bis 108. The lines of action 
of the two forces are 8 in. apart. Draw 
the load line abc. From any point o, 
draw the rays oa, 0b, and oc. From 
o’, any point in the line of action of 
A, draw o’a’ parallel tooa. Also from 
o’ draw o’b’ parallel to ob. From 0’, 
the intersection of 0’b’ with B, draw 
b’a’ parallel to oc. The point a’, the 
intersection of o’a’ and 6’a’, is one 
point on the resultant of A and B. 
Therefore a line through a’ parallel 
to A and B is a gravity line of the 
original area, and the intersection of 
this gravity line with the horizontal 
center line of the area is the center of 
gravity of the figure. Fre. 42. 

Illustrative Problem.—Figure 42 
represents an area of irregular outline. It is required to determine the location of 
the center of gravity of the area. 

First place the area in such a position that the axis OY (arbitrarily chosen) will be 
in a vertical position. The force of gravity will then act in a line parallel to OY. 
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Divide the area into a number of strips as shown. The number of strips necessary 
will depend upon the irregularities of the figure and upon the degree of accuracy desired. 
The area of each strip can be replaced by a force proportional to its area and acting 
through the center of gravity of the strip. These forces are represented by AB, BC, 
CD, DE, and EF. Draw the force polygon with the load line abedef. The first string, 
o’x, of the funicular polygon is parallel to oa and the last string, e’y, is parallel to of. 
Then 7, the intersection of o’x and e’y, is one point on a gravity line parallel to OY. 

Now rotate the area until the axis OX is in a vertical position, and, by repeating 
the construction, locate a gravity line parallel to OX. ‘The center of gravity of the 
area is the point of intersection of the two gravity lines. 

To solve the same problem algebraically, divide the area into strips in two direc- 
tions as before and locate the two gravity lines by writing the moment of the resultant 
equal to the sum of the moments of the forces representing the areas of the strips. 
This gives two gravity lines and their intersection is the center of gravity of the area. 


49. Location of the Center of Gravity of a Solid.—If a homogeneous 
solid has three planes of symmetry, then the point in which one plane 
cuts the line of intersection of the other two is the center of gravity of the 
body. In the case of a sphere two vertical diametrical planes intersect 
in a line which is the vertical axis of the sphere. Any diametrical plane 
that is not vertical will cut this axis in a point that is the center of 
gravity of the sphere. 

The center of gravity of a homogeneous prism is at the center of 
gravity of a transverse section and is at the mid-height of the prism. 

To determine the location of the center of gravity of an irregular 
solid, divide the solid into a number of laminae, or parallel slices, and 
replace each lamina with a force equal to its weight and acting through 
its center of gravity. Determine the resultant of these forces. A plane 
containing the resultant and parallel to the lamina will be one gravity 
plane of the solid. By taking a second set of laminae intersecting the 
first, a second gravity plane can be located. These two planes will 
intersect in a line that will be a gravity line of the solid. By taking a 
third set of laminae intersecting the established gravity line, a third 
gravity plane can be located. The point in which this plane cuts the 
established gravity line is the center of gravity of the original solid. The 
number of laminations to be used in each case depends upon the irregu- 
larities of the body and upon the accuracy desired. The gravity planes 
can be located either algebraically or graphically. 

50. Polar Moment of Inertia—In Fig. 48, X and Y are coordinate 
axes lying in the plane of the surface CD. The quantity dF represents 
any differential area of the surface. Its distance from the X-axis is 
y, from the Y-axis is 7, and from the Z-axis, normal to the plane of 
the paper at O, is p. By definition, the moments of inertia about the 
various axes are as follows, I, = dFy*; I, = dFx*; and I, = dFp2. 
But, by construction, p? = x2 + y% Therefore I, =I, +1,. That is, 
the polar moment of inertia of dF equals the sum of the two rectangular 
moments of inertia of the same differential area, if the polar axis and the 
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two rectangular axes intersect in a common point, as O. Since this 
statement is true for the moment of inertia of each differential element 
of the area it must also be true for the moment of inertia of the whole 
area. 

Thus, the polar moment of inertia of an area is equal to the sum of the 
rectangular moments of inertia of the same area, providing the rec- 
tangular axes and the polar axis all meetin a common point and at right 
angles to each other. 


ie oa 


. 5 
A 


_ Fie. 48. Fie. 44. 


Illustrative Problem.—It is required to find the polar moment of inertia of the 
rectangle AB of Fig. 44, about an axis normal to the plane of AB and passing through 


the origin O. 

From Arts. 51 and 62, I, = (34$)(6)(4)* + (4)(6)(9)? = 1,976 int I, = 
(%9)(4)(6)® + (4)(6)(7)2 = 1,248 int From I, = I, + Iy, we get Ip = 1,976 + 
1,248 = 3,224 in.4 

51. Moment of Inertia about Axes Parallel to a Gravity Axis.—In 
Fig. 45, F represents any area and GG represents a gravity axis of this 
area. The line XX is any line in the plane of 
F parallel to the gravity axis, and its distance 
from GG is represented by d. It is required to 
find the moment of inertia of the area F about XX 
in terms of the moment of inertia of the same area 
about the gravity axis GG. 

The quantity dF represents any differential 
element of the area at a distance x from the 
gravity axis. The moment of inertia of a differ- 
ential area about GG is x’dF, and the moment a et 
of inertia I, of the whole area about GG is Ler7dF. 

The moment of inertia of a differential area about XX is (d + x)*dF, or 
@dF + 22dF + 2dFad, in which x may be either a positive or a nega- 
tive quantity. The moment of inertia for the whole area is equal to 
the summation of the moments of inertia of the differential elements of 
the area. That is, I, = =d’dF + ZardF + 22dFad. Since a and 2 are 
constants, this expression may be written in the form I, = d?2dF + 
Se2dF + 2d>dFx. Since x is measured from a gravity axis, DdF'x equals 
zero and the last term drops out of the equation. Moreover, Da?dF equals 


* 


Axis parallel fo gravity axrs 


Se 
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I,. Since SdF =F, the first term of the right-hand member of the 
equation becomes Fd?. Making these changes in the above equation it 
reduces to the form I, = Fd? + I,. 

Therefore, the moment of inertia of an area about an axis parallel 
to a gravity axis equals the moment of inertia about the gravity axis 
plus the product of the area and the square of the distance between 
the two axes. 

52. Moment of Inertia of Simple Areas.—By definition, the moment 
of inertia of a differential element of an area is 2°dF, in which dF is the 
area of an element and z is the distance from the element to the axis. 
Also, the moment of inertia of a finite area is the summation of the 
moments of inertia of the differential areas, or IT = =a2dF. The value 
of the moment of inertia of any area about any axis may therefore be 
determined by obtaining the numerical value of the quantity Dzx2dF. 

The moment of inertia of the sections of rolled steel shapes are 
given in the handbooks published by the various steel companies and 
need not be computed by the structural engineer. 

The moment of inertia of the more common areas of geometry are 
given in the accompanying table. 


Sections | if | Sections If 
_ bh’ | | bA3 — Bfh’3 
case) F pe oe 
| 
a bh3 
arg I = 0.0491(d4 — d’4), 
_ dhs b’n? + bn’s — (b — b’)a3 
I 36° eee . F 
be —* | eed ES 
PAL (7 - | A] eee 
A a a oes | wm \ 12 
ad4 
Des 64, 
= 0.0491d!, | 


The moment of inertia of an area about one axis, when its moment 


of inertia about a parallel is known, can be obtai : 
equation I, = I, + Fad?, ained by applying the 
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Illustrative Problem.—In Fig. 46, the area of the surface AB is 60 Sq. in. and its 
moment of inertia about the gravity axis G@ is 300 in.‘ It is required to find the 
moment of inertia of the area AB about the axis XX parallel to GG. 

In the equation IT, = I, + Fd?, I, = 300 in.4 F = 60 sq. in. and d =9 in. Sub- 
stituting these values in the equation, gives J; = 300 + (60) (9)2 = 5,160 in.4 


: { F=50 507. In, 
“\D= 860 int 


B 
~_ [£60 8G. in. 
Ig = 300 in# 


Fie. 46. later, Ale, 


Illustrative Problem.—In Fig. 47 the area of the surface AB is 50 sq. in. The 
moment of inertia about the axis XX is 860 in. The gravity axis parallel to XX 
is 4 in. from XX. It is required to find the moment of inertia of the area about the 
axis YY parallel to XX and 14 in. from XX. 

We will first obtain I, from J,, then, knowing J,, obtain Jy. From Art. 51,7, = 
I, — Fd? in which IJ, = 860 in. F = 50 sq. in., and d =4 in. Substituting these 
quantities in the above equation gives J, = 860 — (50)(4)? = 60 in.4 In the equa- 
tion I, =I, + Fd?, I, = 60 in.* F = 50 sq. in., andd =10in. Substituting these 
values in the equation gives T, = 60 + (50)(10)2 = 5,060 in.4 


53. Moment of Inertia of Compound Areas.—The moment of inertia 
of some irregular areas may be obtained by dividing the original area 
into a number of areas whose moments of inertia are known, and then 
equating the moment of inertia of the original area to the sum of the 
moments of inertia of the component parts. 


xX 


Fig. 48. 


Illustrative Problem.—It is required to find the moment of inertia of the area AB 
of Fig. 48 about the axis XX parallel to the base AF. 

Divide the area into the two rectangles AD and CB. From Art. 52, the moment 
of inertia of each of these areas about its own gravity axis parallel to XX is given by 
the expression J, = {2bh*%. For the area AD, I, = (2) (9) (4) (4) (4) = 48 in.4; for the 
area OB, Ig = ({2)(3)(6)(6)(6) = 54 in.* For the area AD, I, = 48 + (36) (4)? = 
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624 in.‘; for the area CB, I, = 54 + (18)(9)2 = 1,512 in.4 For the entire area 
AB, Iz = 624 + 1,512 = 2,136 in.* + ~ 

The same problem can ne be solved by considering the original area to be com- 
posed of a positive area EF, Fig. 49, and a negative area FC. Then, J, for HF = 


i = = — i TOL 
y 9)(10)? = 750 in. and J, for FC = —(42)(6)(6)8 108 in.4 Also, J, 
ie We (90) (7)2 = 5,160 Ant and I, for FC = — [108 + (86)(9)?] = —3,024 


in.4 Then J, for the original area = 5,160 — 3,024 = 2,136 in.‘, the same value 
obtained by the first method. ; ; 
Illustrative Problem.—The sketch in Fig. 50 represents the transverse section of a 
column. From the Carnegie Handbook, the properties of the angles and plates are as 
shown in the sketch. It is required to find the moment of inertia of the section of the 
column about the axis XX. For the four angles J, = (4)(6.27) + (4)(4.75) (1.24)? = 
54.29, For the plate 7, = J, = 0.19. For the entire section 7, = 54.48. Since the 
; We 54.48 : 
radius of gyration equals Vi BASEN aor tae 1.40 in. 


54. Moment of Inertia of an Irregular Area.—If an area is bounded 
by a curved line for which the algebraic equation is known, the moment 


Gravity axis of angles 


i. I-Pi-18 x3" 
“\4lS- 6" Alxg” 


F for one angle = 475 sg. in 
F for one plate = 900 sq. in. 
Ig for one angle = 627 in# 

Z for one plate = 0/8765 in4 


Fie. 50. 


of inertia of the area can often be obtained by integrating the quantity 
za*dF. If the algebraic equation of the enclosing line is not known, 
or if the equation is of such a nature that the integration is difficult 
or impossible, an approximate value for the moment of inertia can be 
obtained by dividing the area into a number of strips parallel to the axis 
and, considering each strip as a rectangle, determine the moment of 
inertia of each strip. The moment of inertia of the original area will be 
approximately equal to the sum of the moments of inertia of the strips. 
The number of strips into which the area is divided depends upon the 
irregularities of the outline and upon the degree of accuracy required. 


Illustrative Problem.—lIt is required to find the moment of inertia of the area AH 
of Fig. 51 about the axis XX. 

Divide the area into eight strips each parallel to XX. Each strip is found to be 1 
in. wide. The lengths of these strips, measured along their center lines, are given in 
the figure. Assuming each strip to be a rectangle whose width is 1 in. and whose 
length equals the length of the strip measured on its center line, we have: 
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Strip Length | Area F d Fd? I, Mrs ashe ee OE 
A 5 5 4 80 0.4 80.4 
B 11 11 3 99 0.9 99.9 
@ 13 13 2 52 Te, 53.1 
D 15 15 1 15 1.3 16.3 
E 14 14 0 0 tao 12 
F 12 12 1 12 1.0 13.0 
G 9 9 2 36 0.8 36.8 
H 4 4 3 36 0.3 36.3 
Motals rn. cae. é 4 oe bea 330 T0 337.0 


The quantity J, is made up of the two parts, J, and Fd*%. The relative values of 
these two quantities depend upon the number of strips and upon the location of the 
axis. In this case the axis is near the gravity axis and the number of strips is quite 
small. But, even:so, J, is only a little over 2 per cent of Fd? and I, could have been 
omitted without causing appreciable error. If either the number of strips is increased 
or if the axis is taken at a greater distance from the center of gravity, the error due to 
neglecting J, is decreased. 


55. Graphical Determination of the Moment of a Single Force.—In 
Fig. 52, AB is a force and o’ is any point in the plane of the force. It is 
required to determine graphically the 


“moment of AB about o’. Fi 
In Fig. 53, draw the force polygon with “4/8 re, " 

a load line consisting of the single vector Sere) 
ab. Select as a pole any point o. The Be 
pole-distance is represented by H. From 7. ay ayes 
o’ of Fig. 52, draw the strings of the funic- ee 
ular polygon o’b’ and o’a’ parallel to ob a 
and oa respectively. The intercept of the TG. 52. Fic. 53. 


line of action of the force between these 
strings is a’b’. Let this distance be represented by z. 

The moment of the force equals the magnitude of AB, repre- 
sented by ab, multiplied by y, = ab(y). By construction, the triangles 


b ’ 
oab and o’a’b’ are similar. Therefore ; = = on giab) = Ha. Thats; 


the moment of AB about o’ is equal to the intercept of the line of action 
of the force between the strings of the funicular polygon, multiplied by 
the pole-distance of the force polygon. 

It is to be observed that, in Fig. 53, the rays oa and ob are the compo- 
nents of the force ab, and that the strings of the funicular polygon that 
cut the intercept from the line of action of AB are the strings that are 
parallel to the components of the force. The product Hx is no more easily 
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obtained than the product resulting from the force multiplied by the 
distance from the center of moments to the line of action of the force. 
However, this proposition is of value because it embodies the principle 
upon which the following demonstrations are based. 

56. Graphical Determination of the Moment of Any System of Non- 
concurrent Coplanar Forces.—In Fig. 54, ab, bc and cd are non-concurrent 
coplanar forces. It is required to find the moment of this system about 
any point P in the plane of the forces. 

The moment of the forces of the system equals the moment of the 
resultant of the system. The resultant R is determined in magnitude, 
direction, and sense by means of 
the force polygon of Fig. 55. The 
location of the resultant is deter- 
mined from the funicular polygon of 
Fig. 54. It is found to pass through 
e’, the intersection of c’d’ and o’a’ 
which are strings of the funicular 
polygon parallel respectively to the 
rays oa and od of the force polygon 
and which are components of the 
resultant R. 

From the preceding article the moment of R about P can be deter- 
mined as follows: Through P, draw Pa” parallel to oa and Pd’ parallel 
to od. The intercept of R be- 
tween these two lines is repre- 
sented by.a’’ d’. The moment 


Sean 


Fig. 54. HIG 55. 


of & about P is therefore equal di t ii i 

to H multiplied by a” d’. Go 
A more simple construction Vv 

will give the same results: eee 


Through P draw the line PS par- 
allel to the resultant R. Extend 
o’a’ until it intersects PS ate’. Likewise extend d’c! until it intersects 
PS atc’. By construction, the triangles Pa’’d’’ and e’e’’c” are identical. 
Therefore ¢’’e’’ equals a’’d” and, letting x represent e’’c’’, the moment 
of F about P = Hz. It is to be noted that the strings o’e’ and e’c’ of the 
funicular polygon are parallel to the rays of the force polygon that are, 
or may be considered as, components of the resultant R. 

Therefore, to determine the moment of a system of non-concurrent 
coplanar forces about any point in the plane of the forces, draw the 
force polygon and the funicular polygon thus determining the magnitude, 
sense, direction, and position of the resultant of the given system. Draw 
a line through the center of moments parallel to the resultant. Deter- 
mine the intercept of this line between the extended strings of the funic- 


Fie. 56. Hie. 57. 
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ular polygon. (The strings to be extended are parallel to the rays of the 
force polygon which are components of the resultant.) The product of 
this intercept and the pole-distance of the resultant is the required 
moment. The pole-distance, being a line in the force polygon, repre- 
sents force. The intercept, being a line in the space diagram, repre- 
sents distance. The scales to be used in translating the results are 
the same as the scale used in constructing the force polygon and the 
space diagram. The sense of the moment is determined from the space 
diagram by inspection. The construction for this solution is given in 
Figs. 56 and 57. 

57. Graphical Determination of the Moments of Parallel Coplanar 
Forces.—The graphical method of determining moments can be used to 
good advantage in determining the moment due to a system of parallel 
forces. It is especially ap- r 
plicable to the problem of 
determining the moments in 
a girder carrying a system OE 
of vertical loads. Ae | 

In Fig. 58, the horizontal °4 BOY 
girder carries the vertical 
loads ab, bc, cdandde. The 
girder is supported by means 
of the vertical reactions fa 
and ef. It is required to 
determine the moment about m, the neutral axis of any section of the 
girder, as xa. . 

Construct the force polygon represented by Fig. 59. Its pole-distance 
is H. Beginning at any point as o’ in the line of action of fa, draw the 
corresponding funicular polygon. ‘The closing line is o’e’. The reactions 
are represented by ef and fa of the force polygon. 

From Art. 56, the moment of the reaction af about m is the intercept 
A’E’ multiplied by the pole-distance H. Likewise the moment of ab 
is the intercept A’B’ multiplied by H, the moment of bc is B’C’ multiplied 
by H, and the moment of cd is C’ D’ multiplied by H. The first moment 
is clockwise and the last three moments are counter-clockwise. There- 
fore, the resultant moment about m is equal to H(A’E’ — A'B’ — B'C’— 
C’D’), or the moment at m equals H multiplied by D’H’, in which D’E’ 
is the ordinate of the funicular polygon for the section at which the 
moment is to be determined. 

In a similar manner it can be demonstrated that, for any other section 
of the girder, the moment about the neutral axis of the section due to a 
system of transverse loads equals the pole-distance of the force polygon 
multiplied by the ordinate of the funicular polygon corresponding to the 
section at which the moment is to be determined. 


Fig. 58. Fia. 59. 
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We have finally, therefore, that for a beam carrying a system of paral- 
lel loads, the funicular polygon can be used as a moment diagram; the 
moment equals the pole-distance of the force polygon multiplied by the 
ordinate of the funicular polygon; the pole-distance represents force to 
the same scale that was used in drawing the force diagonal; and the ordin- 
ate of the funicular polygon represents distance to the same scale that was 
used in drawing the space diagram. 

58. Graphical Determination of Moments of Inertia. 

58a. Approximate Method.—In Fig. 60a, it is required to 
find the moment of inertia of the 


x an area AH about the axis XX. 
ON Divide the area into a number 
Vee | of strips parallel to the axis X X and 
ia ae 


to XX and passing through the 
center of gravity of the strip. Let 

me cet the magnitudes of these forces be 
Se (») equal numerically to the areas of 
Al the strips. Then the moment of 


Ogee | replace each strip by a force parallel 


inertia or the double moment of 
“eo ed these forces will be approximately 

equal to the moment of inertia of 
() the area. 

In Fig. 60a the area is divided 
into four strips and the forces repre- 
senting these strips are ab, bc, cd 
and de. Draw the force polygon, 
Fig. 606, and the funicular polygon, 
Fig. 60c. In the funicular polygon, 
A’B’ multiplied by H is the moment 
of the strip A about XX, B’C’ 
multiplied by H is the moment of 

the strip B about XX, etc. The moment of the entire area about XX 
is equal to A’E’ multiplied by H. 

The moments of ab, bc, cd and de are proportional to A’B’, B’C’, C’D’ 
anb D’E’, respectively. The line A’H’ can, therefore, be considered as 
the load line of a force polygon whose forces represent the moments of the 
forces ab, bc, etc. In Fig. 60d, with any pole qg and any pole-distance H’ ; 
construct the rays of a force polygon. In Fig. 60e, construct the corre- 
sponding funicular polygon. Then by construction, (A’B”)(H’)(H) 
equals the double moment of the force ab about XX. Likewise (B’’C’’) 
(H')(H) is the double moment of bc about XX, and (A’"E”) (H’) (H) is the 
sum of the double moments of all of the forces ab, be, etc. about XX. 
That is, (A”E")(H’)(H) is the approximate moment of inertia, of the 
area AE about XX. 


Ya 


8 


, 
7o--------- 
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As stated in the above discussion, the double moments of the forces 
only approximate the moments of inertia of the strips, for, as stated in 
Art. 51, the moment of inertia about an axis parallel to a gravity axis is 
given by the equation I, = I, + Fd?. The double moment obtained by 
the construction shown is the value of Fd? only, the quantity I, has been 
neglected. As stated in Art. 54, the relative value of J, and Fd? depends 
upon the number of strips into which the area is divided and upon 
the location of the axis. If the number of strips is large, or if the axis 
is a considerable distance from the gravity axis, J, can be omitted without 
appreciable error. If the value 
of I, is to be included in obtain- 
ing the value of J,, the con- 
struction given in Art. 58b can 
be used. 

58b. Exact Method. 
From the definition of the 
radius of gyration, J = Fr?. If 
the radius of gyration of an 
area about its own gravity axis 
is represented by ri, then, for 
an axis parallel to the gravity 
axis, r =~/ d? + r:2. 

The radius of gyration of a 
rectangle about its own gravity 
axis is known. The radius of ASS 
gyration about any other axis — | 

NN 
Ve 


parallel to the gravity axis is, 

therefore, the hypotenuse of a 

right triangle of which one side 

is the distance from the given Pra.’ 61. 

axis to the parallel gravity axis 

and the other side is the radius of gyration about the gravity axis. 

In Fig. 61, it is required to find the moment of inertia of the area AE 
about the axis XX, taking into account J, for each strip. 

The lines ga, J», Je, and ga are gravity axes of the strips parallel to XX. 
Draw the line PR normal to XX. It cuts the gravity lines at the points 
ds, bs, c; and dz. From as lay off the distance asa; equal to the radius of 
gyration of the strip A about the axis g.. Then Pai, the hypotenuse of 
the triangle formed upon Pas and ayas as sides, equals the radius of gyra- 
tion of the strip A about the axis XX. Pay is made equal to Pa, 
Pb. is made equal to Pb:, etc. If, therefore, a force ab, numer- 
ically equal to the area of the strip A and parallel to the axis XX, is 
made to pass through the point az, the double moment of this force equals 
the moment of inertia of the strip A about the axis XX. Likewise, the 
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double moments of the forces bc, cd, and de, passing through the points 
bs, cz and dy equal the moment of inertia of the strips B, C and D about 
XX. By means of the construction given in Fig. 61, the moment of 
inertia of the area AH is found to be (A”’E”’) (H)(H’). 


REACTIONS 
By W. M. Witson 


The function of all structures is to resist forces or to carry loads. 
If the structure is to carry loads, it, in turn, must be supported. The 
structure may be supported upon the earth, upon a masonry foundation, 
or upon some other fabricated structure, or part of a structure. It is 
very common for one part of a structure to be the support for another 
part. On a building, the roof trusses are supports for the purlins and 
columns are supports for the trusses and girders. On a through truss 
railroad bridge, the piers support the trusses, the trusses support the 
floorbeams, the floorbeams support the stringers, the stringers support 
the ties, the ties support the rails, and the rails support the wheels of the 
train. In the design of a structure, an engineer must trace the path of a 
force from its origin to the point where it is delivered to the earth. 

If one body carrying loads, either its own weight or superimposed 
loads, is supported by another body, the body which is supported will 
exert a force upon the supporting body. Likewise the supporting 
body will exert a force upon the body supported. These two forces 
are equal and opposite and lie in the same line. The force exerted 
by the supported body is known as a load upon the supporting body. 
The equal and opposite force exerted by the supporting body is known 
as a reaction on the supported body. 

59. Structures Statically Determinate with Respect to the Outer 
Forces.—The outer forces acting upon a structure comprise the reactions 
as well as the loads which the structure carries. These outer forces form 
a system of forces in equilibrium. If the loads are known, the reactions 
can be determined by applying the fundamental conditions for static 
equilibrium, providing, however, that there are not more than three 
elements of the reactions unknown (see Art. 47b). If the number of 
unknown force-elements is not greater than three, the reactions are said 
to be statically determinate. If the number is greater than three, the 
reactions are called statically indeterminate. 

To say that the reactions on a structure are statically indeterminate 
is to say that the reactions cannot be determined by applying the funda- 
mental conditions for static equilibrium alone, but that some other 
relation or relations must be established between the loads and the 
reactions. These additional relations involve the elastic properties of the 
structure. 
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60. Structures Whose Reactions are Statically Determinate.—Struc- 
tures whose reactions are statically determinate are used wherever possi- 
ble for two reasons: (1) Statically determinate structures are much easier 
to design than statically indeterminate structures, and (2) the actual 
stresses are much more likely to agree with the computed stresses in 
statically determinate than in statically indeterminate structures. 

The reactions of the girder shown in Fig. 62 are statically deter- 
minate. The unknown elements are the magnitudes of the reactions 
at A and B. The directions of the reactions are known to be vertical. 

The conditions that must be satisfied in order that the reactions 
of Fig. 62 may be statically determinate are as follows: (a) All loads must 
be vertical, (b) the girder must be straight, and (c) there must be no 
restraining moment at the ends of the girder to prevent the ends from 
rotating in the plane of the loads. 

The beam represented by Fig. 63 differs from the beam represented 
by Fig. 62 only in that it is curved instead of straight. It is obvious 


Fie. 62. Fie. 63. Fig. 64. 


that if a piece of rubber having the shape of the beam shown in Fig. 63 is 
loaded as shown, the rubber will straighten and tend to slip at A or B. 
All structural material is flexible although its flexibility is not as apparent 
as the flexibility of rubber. Therefore, even though the beam of Fig. 63 
is made of steel, the loads P, Q, and R will cause the member to take a 
form similar to the form represented by the dotted lines. But in order 
that the beam may take the form shown by the dotted lines, there must be 
slipping at A and B. Unless the surfaces of contact are frictionless, just 
as soon as there is a tendency for slipping to occur, the reactions at 
A and B cease to be vertical and their directions become unknown. 
The reactions of the structure represented by Fig. 63 are, therefore, 
statically indeterminate because both the magnitude and direction 
of each reaction are unknown.! If the surfaces at A and B are 
frictionless, then the reactions will be normal to the surface and their 
directions are known. 

Two modifications of Fig. 63 are frequently encountered in structural 
engineering. One is the two-hinged arch of Fig. 64, which is similar 


1 It is equally proper to say that the magnitudes and directions of the reactions at 
A and B are unknown, or to consider that each reaction is made up of a horizontal and 
a vertical component and to say that the magnitudes of the two components of each 
reaction are unknown. 
4 
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to the structure of Fig. 63 except that the friction surfaces at A and 
B are replaced by hinges or pins that permit rotation but do not permit 
translation at A and B. The other modification is the no-hinge arch of 
Fig. 65, in which both rotation and translation at A and B are preven- 
ted by having the material continuous. 

The structure represented by Fig. 66 is the same as the structure 
represented by Fig. 62 except that the forces are inclined instead of 
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vertical. One or both of the reactions at A and B must have hori- 
zontal components, otherwise the beam would move horizontally on its 
supports. Since’ the horizontal components of these reactions are 
unknown, the unknown elements exceed three, and the reactions are 
statically indeterminate. 

The most common example of a structure subjected to inclined 
loads that is encountered by the structural engineer is the roof truss 
subjected to wind pressure. This structure is illustrated by Fig. 67. 
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There is no practicable analysis by which the directions of the reactions 
at A and B can be accurately determined. In general the engineer is 
compelled to assume the division of the horizontal forces between the 
two supports. In the case of a truss supported upon masonry walls, 
the most common methods of procedure are: (1) Assume that the hori- 
zontal component of the load is equally divided between the two sup- 
ports; or (2) assume first that all of the horizontal component of the 
load is taken at A and determine the stresses in all members of the 
truss; then assume that all of the horizontal component of the load is 
taken at B and again determine the stresses in all members of the truss. 
In this way two sets of stresses are determined for each member. In 
designing the truss, each member is designed so that it can resist either 
stress. 

Under the first method of procedure the forces acting on the truss 
are assumed to be as shown in Fig. 68. The horizontal component of the 
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load is represented by H. The horizontal component of each reaction is 


H 
then assumed to be 2° The only two unknown elements left are the 


magnitudes of R4and Rs. Therefore the reactions are statically determi- 
nate. 

Under the second method of procedure the forces acting on the truss 
are first assumed to be as shown in Fig. 69 and later as shown in Fig. 70. 
In both cases, with the magnitudes of Ry and Rz as the only unknown 
elements, the reactions are statically determinate. 

In the case of a roof truss supported on columns, one or the other 
of the methods suggested for a truss supported on a wall may be used, 
‘or, and this is the better way, the truss and the supporting columns 
may be treated as a single unit. Figure 71 represents a typical bent of 
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a mill building. The customary procedure is to assume the relative 
magnitudes of H, and Hz, and then with this assumption as a basis, 
to determine V4, and Vs. With V4 and Vz known, the whole structure, 
columns, truss, and knee braces, is analyzed as a unit. 

The relation between the magnitudes of H, and Hz of Fig. 71 
for the bent of a mill building is discussed on p. 204. 

We must bear in mind that the reactions on the structures rep- 
resented by Figs. 68, 69, 70 and 71, are statically determinate only after 
certain assumptions have been made relative to the values of H, and Hz. 
; Figure 72 represents a girder similar to the girder represented by 

Fig. 62 except that the ends of the girder are restrained. That is, 
the reaction at A consists not only of a vertical force Ru, but also of a 
couple whose moment is M,. Likewise the reaction at B consists of the 
vertical force Rg and the couple whose moment is Mz. Utilizing the 
fundamental condition for equilibrium, 2M = 0, we have an equation 
containing M, and Mz, and therefore the equations cannot be solved. 
The reactions are therefore seen to be statically indeterminate. 

Fortunately most girders and trusses meet the three requirements 
that must be satisfied in order that the reactions may be statically 
determinate—that is, the loads are vertical, the girders or trusses are 
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straight, and the ends are not restrained. In the case of beams for 
buildings, and girders, stringers, floorbeams, and trusses for bridges, 
these conditions are either satisfied or are so nearly satisfied that the 
reactions are assumed to be statically determinate. The exceptions are 
cases where special designs are used to restrain the ends of members. 

61. Structures Whose Reactions Are Statically Indeterminate.— 
Under certain conditions a considerable saving of material can be effected 
by using structures whose reactions are statically indeterminate. Also 
the methods of construction are sometimes such that the resulting 
structures are statically indeterminate, although a statically determinate 
structure would be equally satisfactory if not, in fact, to be preferred. 

The most common structures whose reactions are statically indeter- 
minate are the two-hinged, one-hinged, and the no-hinged arches, con- 
tinuous beams, and restrained beams. 

The two-hinged arch and the no-hinged arch have already been 
illustrated in Figs. 64 and 65. The one-hinged arch is illustrated in 
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Fig. 73 With this structure the magnitude and direction of the forces 
at A and B are unknown as well as the restraining moment at the same 
points. 
A girder continuous over three supports is represented by Fig. 74, 
We might at first conclude that, since the only unknown elements are 
the three unknown magnitudes of the reactions, the reactions are stat- 
ically determinate. But we must remember that we have utilized one 
condition for equilibrium, 7.e., =X = 0, in concluding that the reactions 
at A, B, and C are all vertical reactions. Therefore, only two static 
relations remain with which to determine the three unknown elements. 

Girders may be continuous over any number of supports; in 
general the greater the number of supports, the harder it is to determine 
the reactions. 

62. Reactions on Beams with Restrained Ends.—The reactions at 
the ends of beams with restrained ends may be determined from the three 
fundamental conditions of equilibrium providing the total number of 
unknown elements does not exceed three. That is, after one or more 
elements have been determined, either from the nature of the supports, 
or from the elastic properties of the structure, the reactions are then 
statically determinate. However, in writing the moment equations, we 
must include not only the moments of the loads and of the reactions, 
but we must also include the moment of the external couples that restrain 
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the beam. For example, Fig. 75a represents a beam that is not only 
supported vertically at A and B, but that is also restrained at the ends 
by a couple lying in the plane of the load. The forces and couples which 
act upon the beam are shown in Fig. 75b. 

From ZY = 0, we have 


Ry + Re ae 12 i Q = 0 
From 2M = 0, with A as the center of moments, we have 
M,+M, + Pa+ Qb — Rel = 0 


Since there are no horizontal forces, only two equations are available 
for determining the unknown elements of the reactions. Therefore two 
of the four quantities, R4, Rs, M4 and Mz must be known in order that 
the other two may be determined. It is to be noted that M4 and Ms 
both enter the moment equation, and 
that they are not affected by the loca- 
tion of the center of moments. 
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Illustrative Problem.—The simply supported beam represented by Fig. 76 is 22 ft. 
long, center to center of supports, and carries a load of 20 tons, 13 ft. from the left- 
hand support, and a load of 10 tons 4 ft. from the right-hand support. It is required 
to find the reactions at A and B. 

By inspection the reactions are seen to be vertical and to pass through A and B. 
The only unknown elements are therefore the magnitudes of R4 and Rez. 

From =M = 0, with A as the center of moments, we have 


Ma = (20)(13) + (10)(18) — (Ra)(22) = 0 


or 
Re = 44% 2 = 20 tons 
From =M = 0, with B as the center of moments, we have 
Mz = (Ra) (22) — (10)(4) — (20)(9) = 0 
or 


Tian = 22065 = 10 tons 


As a check, from ZY = 0, we have 
. SY = 10 + 20 — 20 — 10 = 0 


The same problem can be solved graphically as follows: To any convenient scale 
lay off in Fig. 77 the load lines ab and bc. With any point 0 as a pole, draw the rays of 
the force polygon oa, 0b and oc. In the space diagram beginning with o’, any point 
on the left-hand reaction, draw 0’a’, a’b’ and b’c’, parallel respectively to oa, ob and 
oc. The line o’c’ is the closing line of the space diagram. A line through o parallel to 


54 STRESSES IN FRAMED STRUCTURES [Sec. 1~62 


o’c’ cuts the load line ac at d. The line cd represents to scale the reaction at the right- 
hand end of the beam and the line da represents to scale the reaction at the left-hand 
end. Scaling the distances cd and da, they are found to represent 20 tons and 10 tons, 
respectively. 

Illustrative Problem.—The simply supported beam represented by Fig. 78 carries 
a uniformly distributed load of 1,000 Ib. per ft. over a length of 12 ft. It is required 


to find the reactions at A and B. 
In determining reactions a distributed load may be replaced by its resultant. The 
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resultant of the distributed load in this case is a single force of 12,000 lb. applied at 
a distance of 24 ft. from the left-hand end of the beam. 
From 2M = 0, with A as the center of moments, we have 
Ma = (12,000) (24) — (Rzg)(36) = 0 
or 
Rg = 8,000 lb, 
Likewise with moments about B, we have 


Mes = (Ra)(36) — (12,000)(12) = 0 


or 
Ra = 4,000 lb. 
Also from ZY = 0, with Rg known, we have as a check 
ZY = Ra + 8,000 — 12,000 = 
or 


Ra = 4,000 lb. 


Illustrative Problem.—Figure 79 represents a beam 
restrained at the ends and carrying loads as shown. 
The magnitudes of the restraining couples are known. 
It is required to find the reactions at A and B. 

From 2M = 0, with A as the center of moments, 
Pia. 79. we have 


= (8,000) (10) + (10,000)(18) — 100,000 — 70,000 — (Rg)(30) = 0 
or 
Rg = 3,000 lb. 
With B as the center of moments, we have 
= (30)(Ra) — 100,000 — 70,000 — (10,000) (12) — (8,000)(20) = 0 
or 


Ra = 15,000 lb. 


From ZY = 0, we have, as a check 
ZY = 3,000 + 15,000 — 10,000 — 8,000 = 0 
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Illustrative Problem.—Figure 80 represents a roof truss supported on masonry 
walls. The wind pressure is applied at the panel points and is normal to the top 


‘chord of the truss as shown in the figure. It is required to find the reactions at A and 
Be 


Since the two supports are on the same level, the vertical reactions are independent 
of the division of the horizontal component of the load between the two supports. 
Taking moments about A to get Vz, we have 


Ma = (2,000) (0) + 4,000(12.5 + 25 + 37.5) + (2,000)(50) — (Vz)(80) = 0 


or 
Ve = 5,000 lb. 
Taking moments about B to get V4, we have 
Mz = (Va)(80) — 2,000(14 + 64) — 4,000(26.5 + 39 + 51.5) = 0 
or 2 


Va = 7,800 lb. 


The vertical component of the wind load is (2,000 + 4,000 4 4,000 + 4,000 + 
2,000) 490 = 12,800 lb. 

The horizontal component of the wind load is (2,000 + 4,000 + 4,000 + 4,000 + 
2,000) 3% 9 = 9,600 lb. 

From ZY = 0, we have, as a check 


ZY = 5,000 + 7,800 — 12,800 = 0 


If the horizontal component of the wind load is assumed to be equally divided 
between the two reactions, then 


AIG. OL. 


If all of the horizontal component is assumed to be resisted by one support, then the 
horizontal component of that reaction is 9,600 Ib. and the horizontal component of the 


other reaction is zero. 
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The same problem is solved graphically in Fig. 81. In this figure agha is the force 
polygon. Inthe space diagram o0’j’ is the closing line. Then oj, drawn through o and 
parallel to o0’j’, divides the vertical load © 
line, ha, into two parts such that hj is the 
vertical component of the right-hand reac- 
tion and ja is the vertical component of the 
left-hand reaction. Scaling from the draw- 
ing the values obtained by the graphical 
method are found to check the values ob- 
tained by the algebraic method. 

Illustrative Problem.—Figure 82 repre- 
sents a steel bent of a mill building. We 
will first consider the case in which the 
columns of the bent are hinged at their 
bases. It is required to find the reactions 
at the bases of the columns. 

The reactions at A and B are statically 
determinate only after the division of the 
horizontal load between the supports at A 
and B has been assumed. A discussion 
of the relations between these horizontal 

Fra. 82. reactions is given on p. 204. In this case 
we will assume that H4 and Hz are equal. 
Taking moments about A to get Vz, gives 


2,000(5 + 10 + 15 + 20 + 25 + 30 + 35) + (1,000) (40) + 2,000(24 + 74) + 
4,000(36.5 + 49 + 61.5) — (Vg)(80) = 0 


or 
Ve = 13,800 lb. 


Taking moments about B to get Vu, gives 


(V.)(80) + 2,000(5 + 10 + 15 + 20 + 25 + 30 + 35) + (1,000)(40) + (2,000) (10) — 
4,000(2.5 + 15 + 27.5) — (2,000)(40) = 0 
or 
Va = — 1,000 lb. 


The vertical component of the total wind load is 4969 (2,000 + 4,000 + 4,000 + 
4,000 + 2,000) = 12,800 lb. 
From ZY = 0, we have, as a check 


ZY = 13,800 — 1,000 — 12 800 = "0 


The horizontal component of the total wind load is 1,000 + 1,000 + (7)(2,000) + 
396 9(2,000 + 4,000 + 4,000 + 4,000 + 2,000) = 25,600 lb. 
If the two horizontal reactions are equal, then 


Pa iee ZED 


= 12,800 lb. 

A graphical solution of the same problem is given in Fig. 83. Tosimplify the work 
the horizontal pressure on the left-hand column and the normal pressure on the top 
chord have each been replaced by a single resultant. ! 


1 This change can be made without affecting the reactions at the bases of the col- 
umns. But the substitution of the resultant for the distributed pressure cannot be 
made when the stresses in the truss and columns are being determined. 
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o’d’ is the closing line and the line oe, drawn through o and parallel to o’d’, cuts ad 
extended in the point e, so located that de represents the vertical component of the 
right-hand reaction and ea represents the vertical component of the left-hand reaction. 
Scaling from the drawing, we find that the values of de and ea determined by the, 
graphical and algebraic methods agree. 


Illustrative Problem.—Figure 84 represents a steel bent of a mill building. In this 
case it is assumed that the columns of the bent are fixed at the bases. It is required 
to find the reactions at the bases of the columns. 

In order to determine the reactions at A and B, it will be necessary not only to 
assume the division of the horizontal load between the two supports, but it will also 
be necessary to assume the point of contraflexure! in the columns. 

In this case we will assume that, of the horizontal component of the total load, 0.6 
is delivered to A and 0.4 is delivered to B;? 
Ha will then equal 15,360 lb. and Hz will 
equal 10,240 Ib. We will further assume that 
the point of contraflexure of the left-hand col- 
umn is 18 ft. above A and that the point of 
contraflexure of the righthand column is 15 ft. 
above B. 
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The forces acting upon the portion of the left-hand column below the point of 
contraflexure are shown in Fig. 85. From =M = 0, we have 
2,000(5 + 10 + 15) + (8,360)(18) + Ma = 0 
or 
Ma, = —210,480 ft.-lb. 
1For definition of point of contraflexure, also known as point of inflection, 


see p. 205. 
2 For a discussion of the relation between the horizontal reactions at the bases of 


columns see p. 204. For a discussion of the location of the point of contraflexure in 
columns see p. 205. 
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The forces acting upon the portion of the right-hand column below the point of 
contraflexure are shown in Fig. 86. From 2M = 0 we have 


(10,240)(15) + Mz =0 
or 
Mz = —153,600 ft.-lb. 

The moments M4 and Mz are the moments of couples acting at the bases of the 
columns. These couples represent the moment-restraining effect of the fixed bases 
of the columns. 

The forces and couples acting upon the bent as a whole are represented by Fig. 87 
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From 2M = 0, with A as the center of moments, we have 
(16,000) (20) + (16,000) (49) — 210,480 — 153,600 — V3(80) = 0 


or 
Vs = 9,249 Ib. 
From 2M = 0, with B as the center of moments, we have 
(16,000) (20) — (16,000) (15) — 210,480 — 153,600 + V4(80) = 0 
ra Va = 3,501 Ib. 
+ The vertical component of the resultant load on the roof is 49 9(16,000) = 12,800 


From ZY = 0, we have, as a check, 
ZY = 9,249 + 3,551 — 12,800 — 0 
From 2X = 0, we have, as a check, 
ZX = 25,600 — 15,360 — 10,240 = 0 
MOMENTS AND SHEARS IN BEAMS AND TRUSSES 
By Grorce A. Hoon anp W. S. Kinne 


63. Bending Moment.—The bending moment (or moment) at any 
section of a beam or truss is equal to the algebraic sum of the moments 
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of the forces on either side of the section. Ina beam, the moment is con- 
sidered as acting about an axis through the center of gravity of the section, 
as shown in Fig. 88. Ina truss, the moment is considered as acting about 
the moment center for the member in question, as shown in Fig. 89 (see 
chapter on ‘‘Stresses in Trusses’’). 

This moment measures the tendency of the external forces to cause 
the portion of the beam or truss lying on one side of the section to rotate 
about the moment center, thereby causing bending of the beam or truss. 
Resistance to this tendency to bend the beam or truss is offered, in a beam 
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by internal fiber stresses of tension and compression, and in the truss by 
the stresses in the members. 

When the resultant moment on the left of a given section is clockwise, 
the moment is called positive, and when it is counter-clockwise on the 
same side of the section, it is called negative. Since the structure isin 
equilibrium and at rest, 2M = 0 when we consider the forces on both 
sides of the section. Hence the resultant moment of the forces on the 
left of the section is equal in magnitude but opposite in sense to the 
resultant moment on the right of the section. Thus it makes no differ- 
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~ ence which side of the section we consider; the moment is positive when 
the resultant moment of forces on the left is clockwise and the resultant 
moment on the right is counter-clockwise. Also, the moment is negative 
when the resultant moment of the forces on the left is counter-clockwise 
and when the resultant moment of the forces on the right is clockwise. 

64, Shear.—The shear on any section of a beam or truss is defined 
as the algebraic sum of the vertical forces on either side of the section. 
(If the beam or truss is not in a horizontal position, the summation of 
forces is to be taken in a direction perpendicular to the length of the struc- 
ture under consideration). This shear is the tendency of the portion of 
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the structure on one side of the section to slide by the portion on the 
other side of the section. It is resisted in the case of a beam by 
the transverse shearing strength of the material composing the beam. 
The force V in Fig. 88b indicates this shearing resistance. In the case 
of a truss, the shear is resisted by the stress in the members (see chapter 
on ‘‘Stresses in Trusses’’). 

When the resultant force on the left of the section acts upward, as 
shown in Fig. 90a, the shear is called positive. When the shear acts 
downward on the same side of the section, tending to cause the left-hand 
portion to move downward with respect to the right-hand portion, the 
shear is called negative. 

Since the structure is in equilibrium and is at rest, 2>V = 0 when we 
consider the forces acting on both sides of the section. Hence the result- 
ant of forces on the right of the section must be equal in magnitude but 
opposite in direction to the forces on the left of the section. Therefore, 
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it makes no difference which side of the section we consider; the shear is 
positive when the resultant on the left is upward and the resultant on the 
right is downward. Also, the shear is negative when the resultant on the 
left is downward and the resultant on the right is upward. 
65. Moments and Shears Due to Fixed Loads. 

65a. Moment and Shear Diagrams.—The variation in 
bending moment from section to section of a beam or truss may well be 
represented by means of diagrams which are known as moment or shear 
diagrams. These diagrams are constructed by laying off a base line 
equal to the length of the beam or truss and marking off on this line the 
position of the loads and reactions. To assist in correlating these 
diagrams and the structure for which they are drawn, it is well to present 
also a loading diagram placed directly above the moment or shear 
diagrams, as shown in the following figures. In the diagrams which fol- 
low, positive moments or shears will be plotted above the base line, and 
negative values will be plotted below this line. Points representing the 
moment or shear at any section will be plotted on a vertical line through 
the section in question. The distance from these plotted points to the 
base line represents to some scale the magnitude of the moment or shear 
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at the given point on the structure. The lines joining these points form 
the required moment or shear diagram. 

To illustrate, the moments and shears will be calculated and the 
moment and shear diagrams drawn for a single concentrated load P placed 
at a distance a from the left end of a simple beam of span/. Figure 91a 
shows the beam with the applied load and the supporting reactions in 
position. The reactions are calculated by the methods given in the 
chapter on “‘ Reactions.” 
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Consider the moment at point D, a distance « from the left end of the 
beam. From the definition of moment given in Art. 63, we have 


M,=+hiwt= Pls ald 


where M, is the moment at the point in question. To represent this 
value in the moment diagram of Fig. 916, plot d-e to some convenient 
scale equal in magnitude to the moment given by Eq. (1). Since ais less 
than J in Eq. (1), this moment is positive. Therefore the ordinate d-e 
is to be plotted above the base line, in order to conform to the notation 
adopted above. Thus we locate e, a point on the moment line. 

Other points on the moment line may be located in a similar manner. 
Thus for point A it will be found that the moment is zero, and at point 
C, the position of the applied load, it will be found that the moment is 
a 


M. = Ry = Pt) — a) (2) 
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Plotting these values locates points a and c of the moment line. Con- 
necting points a, e, and c will determine the moment line a-c, which proves 
to be a straight line. 

It is also possible to draw the moment line by noting that Eq. (1) 
represents a straight line, since the variable z is of the first power. On 
substituting particular values of x in Eq. (1), points can be plotted and 
the moment line drawn as before. Convenient points for this purpose are 
the left end of the beam and the point at which the load is applied. Thus; 
at the end of the beam, where x = 0, we have from Eq. (1), M = 0. This 
moment is represented in Fig. 916 by point a. Again, at point C, the 


a 
point of application of load P, x = a, and from Eq. (1), M, le (l — a). 


This moment is represented to scale in the moment diagram of Fig. 916 
by the ordinate c-f. As before, the moment at C is positive, and is plotted 
above the base line. Connecting points a and c, we have the line a-c, 
which is the required moment line for the portion A-C of the beam. Note 
that the line a-c passes through point e, which was plotted from Eq. (1). 

This discussion has considered only points to the left of the applied 
load. Consider now a point EF to the right of the applied load and a dis- 
tance x’ from the left end of the beam. From the definition of moment 
given in Art 63, the moment at £ is 


If 
Mz = +Riz’ — P(a’ — a) = = (i — a) — P(z’ — a) 
or 


Ms = +P (Il - 2!) (3) 


This moment is represented in the moment diagram of Fig. 91b by the 
ordinate h-g, plotted above the base line, since the moment is positive. 

As before, Eq. (3) represents a straight line, since the variable 2’ 
is of the first power. For moment at C of Fig. 91a, where x’ = a, we 


have from Kq. (3), M, = Pa (i — a). This is the same as the value cal- 


culated above from Eq. (1) with « = a. By this means a check is ob- 
tained on Eqs. (1) and (3). Also, at point B, where 2’ = I, we have 
M=0. The moment line for the right-hand portion of the beam is 
shown by the line c-b of Fig. 916, and the complete moment diagram is 
shown by the triangular figure. acb. It can be seen from the moment 
diagram of Fig. 91b that the greatest moment in the beam occurs under 
the load. At this point the value of the moment, as given by Eq. (2), is 


M. = Ria = P>(l — a). 
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Since all points of the moment line are located above the base line 
of Fig. 910, it can be seen that for the loading conditions shown in Fig. 91a, 
the moment is positive at all points on the beam. This statement may 
be verified by Eqs. (1) and (8) by noting that a and 2’ are always less than 
l. Therefore these equations represent positive moments. Based on 
this fact, the following important rule may be stated: A downward 
vertical load placed at any point on a simple beam causes positive moment at © 
every point on that beam. This rule will be found useful in the work to 
follow. 

The shear diagram for the beam under consideration is shown in 
Fig. 91c. To plot this diagram, we note from Fig. 9la and from the 
definition for shear given in Art. 64, that the shear on the portion of the 
beam to the left of the load P is equal to the left reaction. Therefore 


hos 

V=+R, =+P0—9 (4) 
where V denotes the shear in question. Since R; acts upward, the shear 
given by Eq. (4) is a positive quantity. Also, as there are no loads 
between A and C, the shear is constant over this portion of the beam. 
In Fig. 91c this shear is represented by the shear line c-f plotted at a 


(i—a) 
l 


vertical distance P above the base line. 


For points to the right of C, Fig. 91a, the shear is given by the 


expression 


V=R,—-P=Pl—%_p 


from which 


V = AP (5) 
Since the load P is greater than the reaction Ri, the resultant of the verti- 
cal forces acts downward, and hence the shear is negative. This is 
indicated by the minus sign in Eq. (5). It can be seen that this shear is 
constant over the portion of the beam to the right of the applied load. 


To plot this shear in Fig. 91c, drawa line e-h at a distance pe below the 


base line. The complete shear diagram is shown by the rectangle acfd, 
representing positive shear, and the rectangle dehb representing negative 
shear. From Fig. 91ce it can be seen that the shear for the portion 
of the beam to the left of the load is positive and equal to the left reaction, 
and for the portion of the beam to the right of the load, the shear is nega- 
tive and equal to the right reaction. At the section where the load is 


(J—a) 


applied the shear is indeterminate, being somewhere between +P] 
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and —P<. Itis generally stated, for the conditions under consideration, 


l 
that the shear passes through zero at the point of application of the 
applied load. 

Figure 92 shows moment and shear diagrams drawn for given fixed 
loads on a beam or a truss. The loads on the truss are assumed as applied 
at the joints, as shown in Fig. 92. Since the loads are all vertical and are 
applied in the same vertical lines for both the beam and the truss, it is 
evident, from the definitions for moment and shear given in Arts. 63 and 
64, that the same moment and shear diagrams answer for both structures. 
In plotting these diagrams, moments 
should be calculated at each load point, 
and shears should be calculated for the 


“W /b. per ft uniform load 


one ee i alate, 


Loadea Beam Rp 
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portions of the beam between each set of loads. For further explana- 
tion see the illustrative problems at the end of Art. 65d. 

The moment and shear diagrams for a simple beam carrying a uniform 
fixed load which covers the entire beam are shown in Fig. 93. These 
diagrams are plotted from values of the moment and shear calculated for 
a number of points along the beam. The curves formed by connecting 
the plotted points give the required moment and shear diagrams. This 
procedure is necessary where the loading is variable or complicated. 
If the loading is uniform, as shown in Fig. 93, formulas are readily derived 
from which the required moments and shears may be determined directly 
by substitution. These calculated values may be plotted and the curves 
drawn as before. 

To derive the general equation for moment at a point distance z 
from the left end of a beam loaded as shown in Fig. 93a, note that by 
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definition (see Art. 63), the bending moment at any point is equal to 
the resultant moment of all forces to the left of that point. Considering 
clockwise moments as positive, we have from Fig. 93a, 

© 


M, => fit — wat-5 


In this expression we - . is the counter-clockwise moment of the uniform 
load to the left of the section. The term wz represents the total uniform 


load between the section and the left reaction, and : represents the 


distance from the section to the center of gravity of the load wx. Since 
this load is uniformly distributed, its center of gravity is half-way across 


the load, or at a distance : from the section. Substituting the value of 


R,, the left reaction, which is }4wl, and simplifying the resulting expres- 
sion, we have’ 


M, = Yule — ows? 


which may also be written, 


M, = wall — 2) (6) 


From analytical geometry it can be shown that Eq. (6) is the equation 
of a parabola. This equation, when plotted, forms the moment diagram 
of Fig. 93b. It can be shown that the greatest moment occurs at the 


center of the beam, where x = 5. Substituting this value of « in Eq. 


(6), we have 
M,. = Yewl? (7) 


The fact that the greatest moment given by Eq. (6) occurs at the center 
of the beam may be proved by means of certain principles given in text- 
books on Mathematics. It is there shown that when the sum of two 
terms is constant, their product is a maximum when the two terms are 
equal. Note that in Fig. 93a, x and (J — x) are the two segments of the 
beam, and that the sum of these terms which is 7+ (J — 2x) = 1, isa 
constant. Therefore x = 14/ gives a maximum value for Eq. (6). 

A very convenient rule for the determination of the moment at any 
point in a beam is founded on Eq. (6). This rule 1s as follows: The 
moment at any point in a simple beam due to a uniform load which covers 
the entire beam is equal to one-half the load per foot times the product of the 
two segments into which the beam is dimded by the moment center. This rule 
may be verified by reference to Fig. 98a and Kq. (6). 

5 
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The shear diagram for a beam subjected to a uniform load is given 
in Fig. 93c. A general expression for shear at any point may be derived 
from the definition for shear given in Art. 64. Thus 


V = Rh, — wr = +¥ul — wz (8) 


This is the equation of a straight line. When x = 0, or at the left 
end of the beam, V = +14wi. In Fig. 98c this value is represented 
by the ordinate a-d, plotted above the base line, since the shear is posi- 
tive. At the center of the beam, where x = 141, we have V = 0. This 
value is shown in Fig. 93¢ by the point c. At the right end of the beam, 
where = 1, wehave V = —lgwl. In Fig. 93c this shear is shown by the 
ordinate b-e, which is plotted below the base line, since the shear is nega- 


ies - 


| 
base sine. Ct 


tive. The complete shear diagram is shown by the figure adcbe, where 
dce is a straight line. 

The moment and shear diagrams for a cantilever beam are shown in 
Fig. 94. In Fig. 94a the beam carries a single concentrated load at 
the free end of the beam, and in Fig. 94c the beam carries a uniformly 
distributed load. The equations for the moment and shear lines for 
these two cases are shown on the diagrams. These equations were 
derived by the methods given above for the cases considered in Figs. 
92 and 93. Figure 94b shows the moment and shear diagrams for a 
cantilever beam or truss carrying several concentrated loads. 

In certain simple cases it is possible to determine moments and 
shears and construct the resulting moment and shear diagrams by graph- 
ical methods. These constructions are based on the methods given in the 
chapter on “Principles of Statics,” Art. 57, p. 45. To apply these 
methods to the beam shown in Fig. 95a, construct the force polygon of 
Fig. 95b. In Fig. 95a draw the equilibrium polygon and locate the closing 
line o-e. A line O-E in the force polygon of Fig. 95b, drawn parallel to 
the closing line 0-e, locates the load divide point EZ, from which the 
values of the reactions R; and R; may be determined, as shown in Fig. 950. 
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As stated in the chapter on ‘Principles of Statics,’ Art. 55, p. 48, 
the moment at any point X distance z from the left end of the beam, as 
shown in Fig. 95a, is equal to the pole distance H of the force polygon 
multiplied by y, the intercept on a vertical line through X, of the seg- 
ments o-e and o-b of the equilibrium polygon of Fig. 95c. Hence if the 
pole distance H is chosen as some convenient unit, as 1,000, 10,000, or 
100,000 lb., the ordinate y of Fig. 95c will give the moment directly to 
this scale. The equilibrium polygon of Fig. 95c is therefore a moment 
diagram for the forces under consideration. The closing line o-e may be 
considered as the base line for the moment diagram. 

The shear diagram may be constructed by drawing horizontal lines 
from the several forces in the force polygon and projecting them to an 


Shear Diagram 


(A) 


»” Force Polygon 
(0) 
Fie. 95. 


intersection with the verticals formed by projecting the lines of action 
of the corresponding forces. The base line for this diagram is formed by 
projecting a horizontal line through the load divide point H of Fig. 95b. 
Figure 95d shows the resulting shear diagram. 

This method of construction may also be applied to a beam carrying 
a uniform load by dividing the uniform load into small lengths and replac- 
ing each load so formed by an equal concentrated load applied at the 
center of gravity of each small piece of uniform load. The construction 
of Fig. 95 is then applied to these loads. However, the time required for 
such a graphical construction will generally exceed that required by direct 
algebraic calculation. In general, it will be found best to use algebraic 
methods for the determination of moments and shears. Moment and 
shear diagrams can then be plotted from the calculated values.  Illus- 
trative problems will be found at the end of Art. 65d. 
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65>). Maximum Moments and Shears.——The maximum 
moment or shear in a beam or truss due to any given set of fixed loads 
may readily be determined by an inspection of the moment or shear dia- 
grams drawn for these loads by the methods described in the preceding 
article. However, this procedure requires considerable work, and, more- 
over, in many cases only the maximum moment and shear due to a given 
set of loads is desired. It is possible in such cases to determine where the 
desired maximum values will occur and make the necessary calculations 
only at these points. 

From a study of the moment diagrams for simple beams supported 
at the ends and loaded in any manner, it will be noted that the moment 
is zero at the left end of the beam. The moment increases in value 
from the end of the beam to a point near the beam center, where it 
reaches its greatest value. Beyond this point the moment decreases 
in value, finally becoming zero at the right end of the beam. The 


I a 
Y, 


(b) G 


Fie. 96. 


problem is to devise a method for locating the point at which the moment 
is @ Maximum. 

Consider a simple beam supported at the ends and loaded in any 
manner, as shown in Fig. 96a. At any point distance x from the left 
end of the beam remove a small portion of the beam Az in length, together 
with all external forces, or loads, and all internal forces, or stresses, acting 
on the beam element, as shown in Fig. 966. The external forces consist 
of the applied load, which is w Ib. per {t., and the internal forces consist 
of moments and shears applied at the cut sections. From what has been 
said in Arts. 63 and 64, it is evident that the moments and shears on the 
faces of the element act as shown in Fig. 960. 

Taking moments about point B, the center of the right-hand face 
of the element, we have 


+ Ma — Ms + Vide — w™ = 9 


This expression may be placed in the form 


Ma —M,=(V,— lowAz) Ax 
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Let AM represent the difference, Mg — My, between the moments on 
the two faces of the beam element. If AM be divided by Az, the distance 
between the two faces, we have an expression for the change in moment 
per unit of length across the element, or 

AM 


1 
Wee = Va — 5 whe 


Assume now that the two faces of the element approach each other— 


that is, that Av approaches a zero value. The limit of = then becomes 


M 
AES the rate of change of moment, and the limit of the right-hand term 


becomes V, the shear at the point where the moment is taken. The 
above expression then becomes 
aM _ 
ag = 
That is, the rate of change of moment is equal to the shear.? 

Equation (9) shows that when the shear is positive, the rate of change 
of moment is positive, which indicates that the moment is increasing in 
value as 2, the distance from the left end of the beam, increases in value. 
Also, if the shear is negative, the moment is decreasing in value. There- 
fore, it is evident that when the shear changes from a positive to a nega- 
tive value, the moment ceases to increase in value and begins to decrease. 
Hence the moment at any point reaches its greatest value at the time the 
shear changes from a positive to a negative quantity. But the shear 
changes from a positive to a negative value at the point where the shear 
becomes zero. Therefore, the maximum moment in a simple beam occurs 
at the point where the shear is zero. 

The above rule may be verified by referring to the moment and shear 
diagrams given in the preceding article. Fora beam carrying a uniform 
load, Fig. 93, it can be seen that the shear line of Fig. 93c crosses the base 
line at the beam center. In Fig. 936 the moment diagram has its maxi- 
mum ordinate at the beam center. Hence maximum moment and zero 
shear occur at the same point, which complies with the above rule. In 
Fig. 92 we note that for a beam carrying concentrated loads, the moment 
is a maximum at the point where the shear line crosses the base line. In 
this case the shear at the point of maximum moment is indeterminate. 
However, the shear passes through a zero value. Hence the above rule, 
stated in more general terms, may be written: 

The moment in a beam is a maximum at the point where the shear 1s 
zero, or passes through a zero value. 


V (9) 


1 Those who are familiar with the calculus will recognize the left-hand term of Eq. 
(9) as the differential coefficient of the moment with respect to the variable zx. 
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It is not possible to derive a similar relation for the determination of 
the position of maximum shear for the conditions shown in Fig. 96. 
However, the desired information may be obtained directly from the 
definition for shear given in Art. 64. Since the shear at any point is 
equal to the reaction minus the sum of the loads between the end of the 
beam and the point at which the shear is desired, it is evident that the 
shear will be a maximum when the sum of the loads to be subtracted is 
as small as possible. Therefore, the shear is a maximum at a point taken 
so close to the reaction that no downward load need be considered. For 
the conditions shown in Fig. 96, the shear is a maximum at a section 
taken just to the right of R1, or just to the left of R:, depending upon 
which reaction has the greater value. These shears are evidently equal 
to the corresponding reaction. This statement may be verified by a 
study of Figs. 91, 92, and 93. 

The relation between the shears at sections taken close together may 
be determined from a summation of forces taken for the beam element 
of Fig. 965. Thus 


Via — Ve — wAc = 0 


Let AV = V4 — Vz represent the change in shear between the sections 
A and B of Fig. 96a. For sections taken an infinitesimal distance apart, 
the above expression may be written 


hire (10) 


That is, the rate of change of shear is equal to the load per unit of length 
of beam. For the conditions shown in Fig. 92, where the beam supports 
a series of concentrated loads, the load on any small element of the beam 
between two consecutive loads is equal to zero. Placing w = 0 in Eq. 
(10), we note that the rate of change of shear is zero, or, the shear is con- 
stant between loads. This fact is indicated by the shear lines drawn 
parallel to the base line of Fig. 92d. In the beam of Fig. 93, the load is 
uniform. Hence the load on any beam element is w, and Eq. (10) shows 
that the rate of change of shear is constant and equal to the load per 
unit of length of the beam. The sloping straight shear line of Fig. 93c 
indicates that the shear from section to section undergoes a constant 
change. 

In cantilever beams, for which moment and shear diagrams are shown 
in Fig. 94, the conditions differ somewhat from those discussed above 
for simple beams. From the moment diagrams it can be seen that the 
moment increases from a zero value at the free end of the beam to a 
maximum value at the point where the beam enters the wall. Similar 
conditions exist for shear, which is also a maximum at the wall. Note 
that for cantilever beams, the moments and shears are a maximum at the 
same section. 
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Illustrative Problem.—Construct shear and moment diagrams for asimple beam, 
20 ft. long, loaded as shown in Fig. 97. 


Left reaction, Ri = right reaction, R2= aoe = 800 lb. 

Shear at section just to right of Ri = +800 lb. 

Shear at a = 800 — (4)(80)= +480 lb. 

Shear at b =800 — (8)(80) = +160 lb. 

Shear at c = 800 — (12)(80) = —160 lb. 

Shear at d = 800 — (16)(80) = —480 lb. 

Shear at section just to left of Rz = 800 — (20)(80) = —800 lb. 


Moment at R,; = 0 

Moment ata = (800)(4) — (80)(4)(44) = +2,560 ft.-Ib. 
Moment at b (800) (8) — (80)(8)(83) = +8,840 ft.-Ib. 
Moment atc = (800)(8) — (80)(8)(8%) = +3,840 ft.-Ib. 
Moment at d = (800)(4) — (80)(4)(44) = +2,560 ft.-lb. 


ll 


Due to symmetrical conditions the shear is zero at the center. Therefore, the 
moment is a maximum at this point and is equal to 


(800) (10) — (80)(10)(19¢) = 4,000 ft.-Ib. 


In order that the moment curve may be completely determined, moments should 
be calculated at points 2 ft. apart, at the most. However, since the computations are 


Shear Diagram Shear Diagram 


| 
4000! ft-lb. 


Moment Diagram Moment Diagram 
Fie. 97. Fre. 98, 


similar to those given above and since we know that the moment curve is parabolic in 
form, these computations will not be reproduced here. 

Illustrative Problem.—Construct shear and moment diagrams for a cantilever 
beam 12 ft. long, loaded as shown in Fig. 98. 


Shear at left end = 0 


Shear at a = —(200)(3) = — 600 lb. 
Shear at b = —(200)(6) = —1,200 lb. 
Shear at c = —(200)(9) = —1,800 lb. 


Shear at support = —(200)(12) = —2,400 lb. (Maximum shear) 

Moment at left end = 0 

Moment at a = —(200)(3) (3) — 900 ft.-lb. 

Moment. at 6 = —(200)(6)(S¢) = —3,600 ft.-lb. 

Moment atc = —(200)(9)(%) = —8,100 ft.-lb. 

Moment at support = — (200) (12)(13g) = —14,400 ft.-lb. (Maximum moment) 
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Illustrative Problem.—Construct shear and moment diagram for a simple beam 
40 ft. long, loaded as shown in Fig. 99. 
To get the value of R:, take moments about Rez 


(R1)(40) = (2,000)(8) + (2,000)(8 + 6) + (2,000)(8 + 6 +6) + 

(2,000) (8 + 6 + 6 + 6) 
_ 136,000 
~ 40 
To get the value of Rs, take moments about R; 


(Rz)(40) = (2,000) (14) + (2,000) (14 + 6) + (2,000)(14 + 6 + 6) + 
(2,000)(14 +6 +6 +6) 


Ry; = +3,400 lb. 


Re = Be = +4,600 lb. 


3,400 + 4,600 = (4)(2,000) = 8,000 Ib. (check) 


While the value of R2 might have been obtained by subtracting R, from the sum 
of the loads, the method used above it better, since a check is afforded. 


‘Shear Diagram 


Moment Diagram 
Fie. 99. Fra. 100. 


Shear at section just to right of R, = +8,400 lb 

Shear to the left of a = +3,400 Ib. 

Shear to the left of 6 = 3,400 — 2,000 = +1400 Ib 
Shear to the left ofc = 3,400 — (2) (2,000) a ~600 ib 
Shear to the left of d = 3,400 — (3) (2,000) = —2.600 Ib 
Shear to the left of R, = 3,400 — (4) (2,000) = ~4.600 Ib. 
Moment at R, = 0 , 
Moment at a (14) (3,400) = 47,600 ft.-lb. 

Moment atb = (20) (3,400) — (6) (2,000) = 56,000 ft.-Ib. 
Moment atc = (14) (4,600) — (6) (2.000) 52,400 ft.-lb. 
Moment atd = (8) (4,600) = 36,800 ft.-Ib. 


Il 


The shear and moment diagrams 
plotted from th 
are shown in Fig. 99. ese calculated values 
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Illustrative Problem.—Construct shear and moment diagrams for the beam 
shown in Fig. 100. 

For the purpose of securing the values of the reactions, the uniform load of 50 lb. 
per lin. ft., distributed over a length of 40 ft. may be regarded as a concentrated load of 
(40) (50) = 2,000 lb., applied at the center of gravity of the load, or 5 ft. to the right of 
Ri. 

Taking moments about R: 

_ (60)(200) + (40)(2,000) + (35)(1,000) + (10)(800) _ 


Ri 45 = +3,000 Ib. 


Taking moments about R, 


_ (85)(800) + (10)(1,000) + (5)(2,000) — (15)(200) 
45 


Shear at section just to right of a = — 200 |b. 

_ {to left = —200 — (50)(15) = —950 Ib. 
iS ERED SEAL he right = —950 + 3,000 = +2,050 lb. 

to left = —200 — (50)(25) + 3,000 = +1,550 lb. 

Bean Be b Pe right = +1,550 — 1,000 = +550 Ib. 
Shear at c = —200 + 3,000 —2,000 — 1,000 = —200 lb. 

- (to left = —200 lb. 
KE 9G) he right i= 200 coe. 1000 1h: 
Shear just to left of R2 = —1,000 lb. 


Re 


= +1,000 Ib. 


It is evident from these results that the shear passes through a zero value at some 
point between b andc. Since a point where the shear changes sign is a point of maxi- 
mum moment, it will be necessary to locate this point. Let m represent the distance 
from the left end of the beam to this point, p, between b and c, where the shear is zero. 


Shear at p = —200 — 50m — 1,000 + 3,000 = 0 


50m = 1,800 
m = 36 
Moment ata =0 
Moment at Ry = —(15)(200) — (15) (45¢)(50) = —8,625 ft.-lb. 
Moment at b = —(25)(200) — (25)(25¢)(50) + (10)(8,000) = +9,375 ft.-lb. 
Moment at p = —(86)(200) — (36)(#84)(50) — (11)(1,000) + (21)(3,000) = 


+12,400 ft.-lb- 
Moment atc = +(20)(1,000) — (10)(800) = +12,000 ft.-lb. 
Moment at d = +(10)(1,000) = +10,000 ft.-lb. 
The moment is a maximum at the point p where the shear is zero. 


65c. Effect of Floorbeams.—The track and ties of railway 
bridges and the floors of highway bridges are supported by longitudinal 
beams called stringers. These stringers are supported by transverse 
beams called floorbeams, which carry the applied loads to the trusses or 
girders. As actually constructed, the stringers are riveted directly to 
the foorbeams, which in turn are riveted directly to the supporting trusses 
or girders. However, for clearness in presentation, it will be assumed, 
in the cases which follow, that the stringers rest upon the floorbeams, 
and that the floorbeams rest upon the trusses or girders. Figure 101 
shows a girder bridge supporting a floor of the type described above. 
Any applied load carried by the floor is transferred to the stringers. As 
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soon as the type of floor is known, the amount of load carried by each 
stringer may be determined, for the stringer load is equal to the reaction 
for the floor considered as a simple beam supported by the stringers. 
In the same manner, the floorbeam loads are equal to the stringer reac- 
tions, and finally, the truss or girder loads are equal to the floorbeam 
reactions. 

Figure 101 shows a girder with a floor supported by an arrangement 
of floorbeams and stringers of the type described above. This system 
supports a single concentrated load which will be assumed as placed 
mid-way between the stringers. Hence each stringer load will be equal 


Applied load 


Poe -- F*ringer 
-Floor bear 


\Girder:” 
Cross Section 
(b) 


ECAH Base line- 


Moment Diagram 
for each girder 


() 


Shear Diagram 
for each girder 
(A) 


Fig. 101. 


to one-half of the applied load. Let P of Fig. 101a represent the portion 
of the applied load which is carried by each stringer. The arrow indi- 
cates the position and direction of this stringer load. This load is 
transferred to the girder at panel points 2 and 3. Panel point 2 of each 
girder receives a load ie and panel point 3 receives a load je 
that is, these panel points receive the reactions of a simple beam one 
panel in length, the stringers not being continuous over the floorbeams. 

The effect of floorbeams and stringers on the reactions Ri and R, 
may be determined by calculating these reactions for the structure 
with and without floorbeams and stringers, and comparing the calculated 
values. Consider the structure as a simple beam of span / carrying an 
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applied load P at a distance (x + md) from the right end. The resulting 
reactions are 


[nd — (a + md)] 
nd 


Now consider the structure to be provided with floorbeams and stringers, 
as shown in Fig. 101. Due to this arrangement, the load P is divided 
into the parts calculated above which form the concentrations shown at 
panel points 2 and 3 by the dotted arrows. Considering these concen- 
trations as loads on the span, the reactions are found to be 


R, = PEL) ona Ry =P 


PED ma + P% (md +d) 
Ry — 
nd 
from which 
peep eae a) 
nd 
Also 
2 lee = (md + d)] an jan = * (nd — md) 
Re = ¥ sid, 
nd 
from which 
ee [nd — (« + md)] 


nd 


Since these values are the same as those given above for the girder 
without floorbeams, it is evident that the value of the reactions is not 
affected by the presence of floorbeams and stringers. 

The effect of floorbeams and stringers on the moment in a girder or 
truss is shown in Fig. 101c. To plot the moment diagram for the girder 
with floorbeams assume that load P is replaced by the partial loads shown 
at panel points 2 and 3 of Fig. 10la. Calculate and draw the moment 
diagram for these loads as explained in Art.65b. Thismoment diagramis 
shown by ADEB of Fig. 101c. Assume now that the floorbeams are 
removed and that the load is carried directly by the girder acting as a 
simple beam. By the methods used in Art. 65), the moment under load 
PAs 
(x + md)[nd — (md + 2)] 

nd 


This moment is represented by the ordinate GC of Fig. 101c, andthe 
complete moment diagram is shown by ACB. Note that at points D 
and E the two moment diagrams coincide, and that for points outside 
the panel containing the load P, the diagrams are identical. For points 
‘between panel points 2 and 3 the moments in the simple girder are greater 
than those in a girder with floorbeams. 


M=P 
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The moment in a girder with floorbeams differs from the moment in 
a simple girder of the same span by the triangular area DCE of Fig. 
101c, and the greatest difference is represented by the ordinate CK. 
To determine the value of CK, calculate the moments represented by 
the ordinates GC and GK and find their difference. As given above, 


(« + md)[nd — (md + x)] 
nad 


Taking moments about the line of action of the load P, which is assumed 
to be replaced by the floorbeam loads at panel points 2 and 3, we have 


Cae) 
nd 


Subtracting the value of GK from that of GC, we have 


GC =P 


iW? Kehe Se [nd — (md + «)]— P= (d — 2) 


Ch C6 GK = Pi (d—2) 


Bute (d — x) is the moment in a beam of span d due to a load P placed 


at a distance x from one end of the span, which can be seen to be the 
' loading condition for the stringer between 

panel points 2 and 8 of Fig. 101la. There- 
fore, the moment at any point between 
panel points in a girder with floorbeams 
is less than the moment at the same 
point in a simple beam of the same 
“ span by an amount equal to the moment 
in the stringer at the section in question. 
Figure 10le shows a girder support- 
ing a concentrated load P placed at a 
panel point. Moment diagrams drawn 
for this structure with and without floor- 
beams are found to be identical. Hence, 
when the loads are placed at panel points, 


Moment Diagram 


ep (2) 


Shear Diagram the presence of floorbeams does not affect 
©) the moments, which may be calculated 
Fie. 102. as for a simple beam of the same span. 


The shear diagram for a girder with 
floorbeams and stringers subjected to a single concentrated load in one 
panel is shown in Fig. 101d by the shear line CDFHLM. This diagram 
is calculated and drawn by the methods given in Art. 65a. For a simple 
beam without floorbeams, the shear diagram is shown by CEKM. In 
general, the shear in the panel containing the applied load is less than 
that at the same point in a simple beam of the same span. The differ- 
ence in shear can be seen to be equal to the end reactions for the stringer 
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due to the load in the given panel. Note that in the panels on either 
side of the one under consideration, the shear is not affected by the pre- 
sence of floorbeams. 

A cantilever girder with floorbeams and stringers is shown in Fig. 102. 
For a load P at a distance zx 
from the right end of panel 2-3, WH wd wd wd wh wa 
the panel concentrations are the 
same as for the case shown in 
Fig. 101. The vertical reaction 
at the wall for the conditions 
shown in Fig. 102a is the same 
for a girder with floorbeams as it 
is for a girder without floorbeams. 

Figure 102b shows the mo- 
ment diagram drawn for the 
conditions shown in Fig. 102a. 
This moment diagram is shown {4 y+ 
bythefigure ABCE. Foragirder (~—$— 


: \V=R= = 
without floorbeams, the moment a 
diagram is shown by the triangle Shear Diagram 
DCE. Hence, the moment in a Fia. 103. 


girder with floorbeams is greater 

than the moment in a girder of the same span but without floorbeams. 
By an analysis similar to that given 
above, it can be shown that the moment 
in a girder with floorbeams exceeds the 
moment in a girder without floorbeams 
by an amount equal to the moment 
at that point in the stringer due to 
the applied load. 

The shear diagram of Fig. 102c shows 
that, for a girder with floorbeams, the 
shear in the panel containing the applied 
load is less than the shear at the same 
point in a girder without floorbeams. 
However, the portion of the girder sub- 
jected to shear is somewhat greater for 
the girder with floorbeams than for the 

BSicae Diagram girder without floorbeams. Note also 
Fie, 104. that the shear is constant between adj- 
acent floorbeams. 

The variation in moment and shear for a girder with floorbeams 
and stringers supporting a uniform load of w pounds per foot is shown in 
Figs. 103 and 104. Since the load is uniform per foot, the reaction at 
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each panel point due to the load on a stringer is equal to one-half the 
total load on the stringer, or gwd. As shown on the figures, two stringer 
reactions are carried by each floorbeam. Hence the concentration at 
each panel point is equal to wd, a stringer load. These concentrations 
are shown in place on Figs. 103 and 104. Since the end of one stringer is 
carried at the ends of the girder, half panel loads are shown at these points. 
Generally these outside loads need not be considered in the determination 
of moments and shears at interior points on the girder, for it is evident 
that they have no effect on the value of the moment and shear. 

Moment and shear diagrams for the concentrated loads shown in Figs. 
103 and 104 can be plotted by the methods described in Art. 65a. The 
moment and shear diagrams for the girder with floorbeams are shown by 
the full lines. Calculated values of moments and shears are indicated 
on the diagrams. 

As a means of comparing the moments and shears in girders with 
floorbeams with the corresponding values for girders without floorbeams, 
moments and shears have been calculated for simple beams of the same 
span as the girders shown in Figs. 103 and 104. These moments are 
shown by the dotted lines in the moment and shear diagrams of Figs. 
103 and 104. 

On comparing the moment and shear diagrams for girders with 
floorbeams with those for girders without floorbeams, it can be seen 
that the moments at panel points are the same for both cases. For points 
between panel points, the moment in the simple beam exceeds the moment 
in the girder with floorbeams. By an analysis similar to that used for 
Fig. 101, it can be shown that the moment in the simple beam exceeds that 
in the girder with floorbeams by an amount equal to the stringer moment 
at the same point. At the center of each panel this difference in moment 
is equal to 1¢wa?. 

The shear diagrams for the two cases show that the end shear for 
the girder with floorbeams is less than that in a simple beam of the 
same span. It can also be seen that the shear at the center of each 
panel is equal to the shear at the same point in a simple beam. In 
fact, the shear line for a simple beam is an average line for the shear line 
for the girder with floorbeams. Note also that while the shear in a 
simple beam varies uniformly, the shear in a girder with floorbeams is 
constant across each panel. 

Figure 103 shows the moment and shear diagrams for a girder with an 
even number of panels, while Fig. 104 is drawn for a girder with an 
odd number of panels. In Fig. 103 the center moments are equal for the 
simple beam and for the girder with floorbeams. In Fig. 104, where an 
odd number of panels is used, the center moment in the simple beam 
exceeds that in the girder with floorbeams by 1<wd?. For this reason 
it is generally found best, if possible, to make use of an odd number 
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of panels. The advantage gained by the reduction of moment is con- 
siderable where the number of panels is small. For example, in the 
five-panel girder shown in Fig. 104, the reduction in moment is 12.5 
per cent. 

A cantilever beam with floorbeams, carrying a uniform load, is shown 
in Fig. 105. Moment and shear diagrams are drawn for the girder 
with floorbeams and for a simple cantilever beam of the same span. 
The full lines show the diagrams for the girder with floorbeams, and 
the dotted lines show the diagrams for the simple beam. Note that the 
simple beam values for moment exceed those for the girder with floor- 
beams. The shear diagrams differ in the same manner as for Figs. 103 
and 104. Calculated values of moments and shears are indicated on 
Fire. 105. 


Bwd wad wel wa we wel 


et 


Shear Diagram Shear Diagram 
Fie. 105. Fig. 106. 


Illustrative Problem.—Construct shear and moment diagrams for the girder shown 
in Fig. 106. 

The conditions shown in this figure are the same as those shown in Fig. 97 except 
for the addition of the floorbeams. In this case, we have a series of concentrated 
loads acting upon the girder instead of a uniformly distributed load. The load con- 
centrated at each floorbeam is equal to (4)(80) = 320lb. Since thecalculations of the 
shears and moments are similar to those given in preceding problems, they will not be 
reproduced here. The values of the shears and moments are shown in the accom- 
panying diagrams. It should be noted that the maximum moment, in this case, is less 
than that in the beam shown in Fig. 97. This illustrates the advantage of an odd 
number of panels. If there had been an even number of panels, a floorbeam would 
have been situated at the center of the girder, and the moment would have been 4,000 
ft.-lb. as in the beam of Fig. 97. 

Illustrative Problem.—Construct shear and moment diagrams for the cantilever 
girder shown in Fig. 107. 

This problem is like that illustrated in Fig. 98 except that floorbeams have been 
added. ‘The values of the shears and moments are shown in the accompanying dia- 
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grams. The maximum shear is less than that shown in Fig. 98 if, as assumed here, the 
half panel load adjacent to the wall is transferred to the wall directly. However, if a 
channel were introduced to transfer this load to the girder, the maximum shear in the 


girder would become 2,400 lb. é 
Illustrative Problem.—Construct shear and moment diagrams for a 40-ft. girder 


with floorbeams 8 ft. apart, loaded as shown in Fig. 108. 
Load at a = (14)(2,000) = 500 lb. 
Load at b = (34)(2,000) + (42)(2,000) = 2,500 lb. 


Load at ¢ = (14)(2,000) + (34)(2,000) = 2,500 lb. 
Load at d = (14)(2,000) + 2,000 = 2,500 lb. 


The values of the shears and moments are given in the diagrams. Compare these 
diagrams with those shown in Fig. 99 for a beam without floorbeams. 


2000 2000 2000 2900 
‘ ‘Gin Ge 
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Shear Diagram Moment Diagram 
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Illustrative Problem.—Construct shear and moment diagrams for a 60-ft. girder 
with floorbeams 10 ft. apart, loaded as shown in Fig. 109. 


Load at a = (5)(50) + 200 = 450 lb. 
Load at b = (10)(50) = 500 lb. 

Load at c = (10)(50) + 500 = 1,000 lb. 
Load at d = (10)(50) + 500 = 1,000 lb. 
Load at e = (5)(50) = 250 lb. 

Load at f = 800 lb. 


The variations in shear and moment are shown in the diagrams. Compare these 
diagrams with those shown in Fig. 100 for a beam without floorbeams. 


66. Moments and Shears Due to Moving Loads. 
66a. A Single Concentrated Load.—The moment and 
shear at any point in a beam or girder varies with the position of the 
applied load and with the arrangement of the floor system. However, 
there is some position of the load which will give the greatest, or maxi- 
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mum, moment or shear at any point. This position of a single concen- 
trated load will be determined for beams with and without floorbeams. 

Maximum Moment in a Girder without Floorbeams.—The maximum 
moment at any point C at a distance a from the left end of a beam of 
span lJ, Fig. 110, for a single concentrated load, occurs when the load 
is placed at the moment center. This maximum moment is 


M max. = Ry = Rell — a) 
That is, 


Whee = ce Gea) (11) 


To prove that the load should be placed at point C, note that if the 
load is placed to the right of point C, R, is reduced in value, and hence 


200 /b. 1000 /b. 800 /b. 
25" e/ 5a é 


Negative 7 
shear at C 


Shear Diagram 
Moment Diagram (c) 


Fie. 109. Eres 110; 


the product Ria, as given by Eq. (11) is also reduced. Also, if the load 
is placed to the left of point C, Rz is reduced in value, and hence the 
product R2(l — a) of Eq. (11) is also reduced. Therefore, the maximum 
moment occurs when the load is placed at the moment center. The 
moment diagram for this position of the load is shown in Fig. 110b. It is 
drawn by the methods given in Art. 65a. 

The moment given by Eq. (11) represents the maximum moment at 
any point on the girder. Evidently there is some point for which the 
moment is greater than for any other point. Since the moment at any 

; 
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point on the beam can be stated by an expression of the form of Eq. Cla 
it is evident that the maximum moment occurs at the point for which the 
product a(J — a) isa maximum. By an analysis similar to that used in 
the determination of the maximum value given by Eq. (6) of Art, 65, it 
can be shown that the maximum value of Eq. (11) occurs at the beam 


center—that is, for a = 5 Placing this value of a in Eq. (11), we have 


M yax, = }4Pl (12) 


Illustrative Problems.— (a) Calculate the maximum moment at a point 10 ft. from 
the left end of a girder (without floorbeams) 30 ft. long supporting a single concen- 
trated moving load of 60,000 lb. 

As stated above, for maximum moment the moving load is to be placed at the 
point where the moment is desired. Figure 111 shows the load in the proper position. 
For the conditions shown, Ri = (60,000)(2%o) = 
40,000 lb. and M, = (Ri)(10) = (40,000)(10) = 
400,000 ft.-lb., which is the desired moment. 

The problem may also be solved by substitution 
in Eq. (11). For the conditions shown in Fig. 111, 1 
= 30 ft.,a = 10 ft., 1 —a@ = 20ft., and P = 60,000 
lb. Substituting these values in Eq. (11), we have 
Mie COOMA fig°0.000 ~ , — (60,000) (1949) (20) = 400,000 ft-lb. 

Ties HLL. (b) Calculate the greatest moment which occurs 
in the beam of problem (a) for the given load. 

As stated above, the greatest moment in the beam occurs at the beam center. 
Placing the load at the beam center, Ri = (60,000) (1549) = 30,000 lb., and Mmax. = 
(i)(15) = 450,000 ft-lb. Again, substituting in Eqn (2)awithes— 30itteandwee 
60,000 lb., we have M, = (60,000)(394) = 450,000 ft.-lb. 


Maximum Shear in a Girder without Floorbeams.—The greatest posi- 
tive shear at a point distance a from the left end of a simple beam or 
girder, Fig. 110, due to a single moving concentrated load, occurs when the 
load is placed at an infinitesimal distance to the right of the point. This 
maximum positive shear is 


+V.=+R, Se (13) 


The maximum negative shear at the same point occurs when the load is 


placed at an infinitesimal distance to the left of the point C, and the 
shear is 


re IS ip tai (14) 


To prove that these statements are correct, refer to the definition and 
notation for shear given in Art. 64. It is there stated that positive shear 
occurs when the resultant of vertical forces to the left of a section or point 
isupward. Since the reaction R, due to any load on the beam is less than 
the load causing that reaction, an upward resultant force on the left of a 
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section in a beam carrying a single load can occur only when the load is 
to the right of the section. It is therefore evident from Fig. 110 that 
for the case under consideration, the upward force on the left of the sec- 
tion, which is R:, can be made a maximum by causing the load P to 
approach point C from the right toa position as close to Cas possible. This 
can be done by placing P an infinitesimal distance to the right of C, for 
then Ff, will have its maximum value subject to the condition that there 
shall be no downward loads to the left of C. A similar analysis for nega- 
tive shear, considering forces to the right of the section, shows that the 
load is to be placed at an infinitesimal distance to the left of point C. 
However, in calculating reactions, the applied load may be considered 
as located at point C. It will be noted that this has been done in deriving 
Eqs. (13) and (14). In Fig. 110c the shear diagram is shown for the load 
in position for maximum shear at point C. 

The greatest positive shear at any point in the beam occurs at the 
left end of the beam, and the greatest negative shear occurs at the right 
end of the beam. In each case the shear is equal to the applied load. 


Illustrative Problems.—(a) Calculate the maximum positive and negative shear 
at a point 10 ft. from the left end of a girder (without floorbeams) 30 ft. long due to a 
single concentrated moving load of 60,000 lb. 

For positive shear the load is to be considered as located at an infinitesimal dis- 
tance to the right of the point in question. Figure 111 shows the load in position. 
For the conditions shown, Ri = (60,000) (29409) = 40,000 lb. Hence, positive shear 
at C = R; = 40,000 lb. The maximum negative shear at C occurs when the load 
is considered as located at an infinitestimal distance to the left of point C. Again 
Fig. 111 shows the load in position. Hence, negative shear at C = Ri — P = 40,000 
—60,000 = —20,000Ib. Note that P is to theleft of the section and must therefore be 
included in the forces to the left of the point. 

The problem may also be solved by substitution in Eqs. (13) and (14). From Fig. 
111, P = 60,0001b., 7 = 30ft., anda = 10ft. With these values we have 

yee eee ie = 440,000 Ib. 
and 
=V. = —R2 = —(60,000)(1945) = —20,000 Ib. 


(b) Calculate the greatest positive and negative shears for the beam of problem (a). 

As stated above, the greatest positive and negative shears occur at the ends of the 
beam and are equal to the applied load. Therefore, the greatest positive shear occurs 
at point A, and it is equal to +60,000 lb. The greatest 
negative shear occurs at point B, and it is equal to 
— 60,000 lb. 


Maximum Moment and Shear in a Cantilever 
Beam.—At any point on a cantilever beam, such 
as point C of Fig. 112, the moment due to a 
single moving concentrated load is a maximum 
when the load is placed at point A, the left end of the beam. This 
moment is M, = —Pa. When the load is placed to the right of 


Fie. 112. 
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C,M, =0. The point of greatest moment is at B, the right end of the 
beam. This moment occurs when the load is at A, and Mg = —FPl. 

The shear at any point C is a maximum when the applied load is 
piaced anywhere to the left of C, and the shear is negative and equal to 
the load. When the load is placed to the right of C, the shear at that 
point is zero. 


Illustrative Problems.—(a) Calculate the maximum moment and shear at a point 

5 ft. from the free end of a cantilever beam 15 ft. 

£O0,090/b. long, due to a single moving concentrated load of 
20,000 lb. 

For maximum moment, and also for maximum 
shear, the applied load is to be placed at the free 
SS aes & Yy end of the beam. Figure 113 shows the load in 
: position. The moment at C is M, = —(20,000) 

Fie. 113. (5) = —100,000 ft.-lb., and the shear at C is 
Ve = —20,000 lb. 

(b) Calculate the greatest moment and shear in the beam of problem (a), 

The greatest moment and shear occur at point B when the load is placed at point 
A. For this position of the load, 


Mz = —(20,000)(15) = —300,000 ft.-lb. 
Ve = —20,000 lb. 


Maximum Moment and Shear in a Girder with Floorbeams.—In Art. 
65c it was shown that for girders with floorbeams, the moments for loads 
at panel points were the same as for the girder 
without floorbeams. When a load was placed at 
any point in a panel, as 2-3 of Fig. 101, it was 
shown that the resulting moment was less than 
for the beam without floorbeams. Since in 
designing structures only the maximum moments 
are desired, it is sufficient to calculate moments 
only at the panel points. This can be done by 
the methods given previously in this article. 

The shear in any panel of a girder with floorbeams, Fig. 114, due to a 
moving concentrated load P is 


V = Left reaction — Load at panel point 2. 


This equation is based on the definition for shear given in Art. 64. As 
stated in Art. 65b, R; is the same as for a girder without floorbeams— 
that is, A = P ene Since the load P is transferred to the girder 


by the stringers acting as beams, the load at panel point 2 is ie - Hence 


Be (a +2) Lo atx «2 
a Ae (18) 
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The character of the shear depends upon the position of the load P in 


the panel. If the load is so placed that xs + — 4 the shear is zero. 
This point of zero shear is called the neutral point in the panel. Solving 


the above expression for %, we have 


f= (16) 


which is the distance from the right end of the panel to the neutral point. 
It can be seen from Eq. (16) that the position of the neutral point does 
not depend upon the magnitude of the applied load but simply upon the 
length of the panel and the position of the panel in the girder. 

Equation (15) shows that the shear is positive when a load is placed 


to the right of the neutral point, for Z + * is then greater than - and the 


resulting expression is positive. When the load is placed to the left of 


Y 


the neutral point, 718 greater than a + “and the resulting expression 


is negative. 

To obtain the greatest positive shear in panel 2-3, the load must 
be placed at the right end of the panel, or for r = 0 in Fig. 114. For 
this position of P, the load at panel point 2 is zero and 


V=+R (17) 


The greatest negative shear will occur when x = d, or when P is placed — 
at the left end of the panel. For this position of P, the load at panel 
point 2 is equal to P, and 


V=h —P=—h, (18) 
Due to the presence of floorbeams, the shear 


in panel 2-3 is constant for any position of 
the applied load. 


_ G6 panels @10'=60" _ 
R 


Illustrative Problem.—Calculate the maximum 
positive and negative shears in panel 2-3 of the 
girder of Fig. 115 due to a single moving concentrated 
* load of 48,000 lb. 

Maximum Positive Shear.—Place the load at panel point 3. Then from Hq. (17) 
V = +R, = (4% ) (48,000) = +32,000 lb. 
Mazimum Negative Shear. —Place the load at point 2. From Eq. (18), 
V = Ri —P = (8% 0) (48,000) — 48,000 = —8,000 lb. 


X 


Fia. 115. 


Likewise, 
V = —Rz = —(1% 0) (48,000) = —8,000 lb. 


; 40) (10 F 
From Eq. (16) the neutral point in the panel is located ae = 8 ft. from point 38. 
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Maximum Moment and Shear in a Cantilever Beam with Floorbeams.— 
The loading conditions for maximum moment and shear in a cantilever 
beam with floorbeams are similar to those given for the beam without 
floorbeams. For maximum moment at any panel point, the load should 
be placed at the free end of the beam. For maximum shear in any panel 
the load may be placed anywhere between the free end of the beam and 
the panel in which the shear is to be determined. 

66). A Moving Uniform Load.—A uniform load is one 
in which the load per foot is the same at all points. This load may 
cover all or only a part of the structure under consideration. In the 
latter case, the load is uniform only for the covered portion of the struc- 
ture. The positions of a moving uniform load will be determined which 
will produce maximum moments and shears in girders with and without 
floorbeams. 

Maximum Moment in a Girder without Floorbeams.—It was shown in 
Art. 65a that a concentrated load placed at any point on a girder caused 
positive moment at all other points on that girder. Now a uniform load 
may be considered as made up of an infinite number of very small con- 
centrated loads placed so close to each other that they form a continuous 
or uniform load. Since each and every one of these small concentrated 
loads produces positive moment at a given moment center, it is evident 
that for maximum moment at the point under consideration, all possible 
points should be occupied by these small concentrated loads. Therefore, 
to obtain maximum moment at any point in a girder due to a moving 
uniform load, the entire girder should be covered with the uniform load. 

Since the beam is completely covered with the uniform load for 
maximum moment, the conditions are the same as given in Art. 65a and 
shown in Fig. 93. Therefore Eq. (6) gives the maximum moment at any 
point and Eq. (7) gives the maximum moment at the beam center, when w 
in these equations represents the uniform load per foot. 

An interesting comparison between the moment at any point in a 
girder produced by a given load uniformly distributed over a girder and 
the moment due to the same load concentrated at the moment center may 
be had from Eq. (6) of Art. 65a, and Eq. (11) of Art. 66a. Let W bea 
given concentrated load, and let w be a load which is uniform per foot. 
From Eq. (6) the moment at a point distance a from the left end of a - 
beam of span lis M, = 14 wa(l — a), and from Eq. (11) the moment due 


to a concentrated load at the same point is M, = ws (=a): itthe 
total loads in the two cases are equal, then w = W/I. Placing this value 
of win the equation for M,, we have M,, = ; Ww - (J—a). Oncomparing 


these values for M, and M,, it can be seen that M. = 144M,—that is, 
the moment produced at any point in a simple beam by a given load 
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uniformly distributed is one-half the moment produced by that load when 
concentrated at the given moment center. 


Illustrative Problem.—Calculate the moment at a point 10 ft. from the end of a 
30-ft. beam due to a load of 60,000 lb. when concentrated at the point, and also when 
the load is uniformly distributed over the beam. 

Load Concentrated.—From Eq. (11), the moment is 


M =W$q-a)= (60,000)( 35,60 — 10) = 400,000 ft-lb. 


Load Uniformly Distributed—The load per foot is w = f = oe = 2,000 


Ib. per ft. From Eq. (6) the moment is M = }gwa(l — a) = (14) (2,000) (10)(30 — 10) 
= 200,000 ft.-lb. Note that the moment 


due to the load uniformly distributed is Uniform load of w /bper fh 
one-half that for the load concentrated at wh 
the moment center. A 

Maximum Shear in a Girder We ee ee oo ee ae 
without Floorbeams.—It was shown Position of Uniform Load for 
in Art. 65a that positive shear exists Maximum Positive Shear at C 
at any point in a simple beam for i 
a load placed to the right of the Uniform load of w Ib per ft 
point, and that a load to the left , . 
of a point causes negative shear _ R ; Re 
a hat oot Considering a mk" Eig aint 

Maximum Negative Shear atC 

infinite number of closely spaced (b) 


concentrated loads, it is evident Variation in positive shear 


that for maximum positive shear 
at any section of a girder, the uni- 
form load should cover that por-  myximum negative.’ 
tion of the girder to the right of  s#ear atc--Zex* 


Maximum positive 
“ shear atC = ae (One 


the section, as shown in Fig. 116a. Variation in negative shear 
Likewise, it is evident that Fig. 1166 Variation in Maximum Shear 
shows the position of the uniform (c) 

Fie. 116. 


load for maximum negative shear 


at point C. 
The maximum positive shear at point C of Fig. 116q is 


+V max = +R: = 5 (1 - 2)? (19) 


In Fig. 116c is shown a curve representing the variation in the maximum 
positive shear for all points on the girder. This curve is plotted from 
Eq. (19). From analytical geometry it can be shown that this curve is a 
parabola with the vertex at the right end of the girder. 
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The maximum negative shear at point C of Fig. 1160 is 


—Voax. = —fhy = — 5 a (20) 
Figure 116c shows the variation in maximum negative shear for all points 
on the girder. This curve is also a parabola with the vertex at the 
left end of the girder. On Fig. 116c the values represented by Eqs. 
(19) and (20) are indicated at the ends of the load. 

Since (J — x) of Eq. (19) and x of Eq. (20) may be interchanged, it 
can be seen that the maximum positive shear at a given distance from the 
left end of a girder is numerically equal to the maximum negative shear 
at: the same distance from the right end of the girder. Note, however, 
that the shear at the former point is positive while that at the latter 
point is negative. This relation will be found useful in the work to 
follow. 

By an analysis similar to that given for moment in Art. 66b, it can be 


Loading for Positive Shear 
(a) 


f=20000/b, 


Shear Diagram 


(6) 
-W=3000 Ib. per Fr. 


(c) 


A fiz = 5000 /b,\ 


Shear Diagram 


(A) 
lixebs We 


shown that the maximum shear due to a moving uniform load is one-half 
the shear for the same total load considered as a concentrated load. 


Illustrative Problem.—Calculate the maximum positive and negative shear at a 
section 10 ft. from the left end of a 30-ft. beam due to a uniform load of 3,000 Ib. per 
ft. . 
ee Positive Shear.—Loading conditions as shown in Fig. 117a. From Eq 

19), 
_ 3,000 


+V Max, = +R, = (2)(30) (20)? = +20,000 lb. 
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Figure 1176 shows the shear diagram for this position of the load. ‘This shear 
diagram is not to be confused with the curves of Fig. 116, which represent the variation 
in maximum shear. 

Maximum Negative Shear.—Position of load shown in Fig. 117c. From Eq. (20) 


3,000 


—VMax. = —R, = ~ (2)(30) 


(10)? = —5,000 lb. 


The shear diagram for this position of the load is shown in Fig. 117d. 


Maximum Moment in a Girder with Floorbeams.—In a girder with 
floorbeams, as shown in Fig. 118, the uniform load is divided into panel 
loads of wd each, where w is the 
uniform load per foot and d is 
the length of panel. For maxi- 
mum moment at any point these 
loads are to be placed at every 
panel point, for, as shown in Art. 
65a, a load placed at any point 
on a beam causes positive mo- Fia. 118. 
ment at every other point. 

An expression for moment at point C of Fig. 118 will now be derived. 
Assume that the girder of Fig. 118 consists of n panels of length d, and 
let it be assumed that point C is m panels distant from the left end of the 
girder. For the loads shown in Fig. 118 the reaction at A is 16(n — 1)wd 
and hence the moment at C is 


M, = Rimd — wd[l1 +2+ ... (m—1)]d 


The expression to the right of the first minus sign represents the nega- 
tive moment of the loads to the left of the moment center. Substitut- 
ing the above value of R; and noting that the expression in brackets is an 
arithmetical series,! the above equation becomes 


M. = (n — 1)mwd? — 14(m — 1)mwd? 
from which we have finally 
M, = Ywd?m(n — m) (21) 


which is a general expression for moment at any point in the girder of 
Bisel 1S. 


1 The sum of the terms of an arithmetical series is equal to the first term plus the 
last term times half the number of terms. That is, 


eet. . (m—D=lt Qn - 1 EY = mem —1) 
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Illustrative Problem.—Calculate the maximum moment at panel point C of the 
girder shown in Fig. 119 due to a uniform load of 2,000 lb. per ft. 
From Eq. (21) with w = 2,000 lb. per ft., d = 10 ft., n = 8, and m = 8, we have 
M. = (34)(2,000)(102)(3)(8 — 3) = 1,500,000 ft.-lb. 


This problem may also be solved directly from Fig. 119. For a uniform load of 2,000 
lb. per ft. each panel load is (2,000)(10) = 20,000 lb. These loads are shown in 
position on Fig. 119. For the conditions shown, Ri = (74)(20,000) = 70,000 lb. and 
M. = (70,000)(3)(10) — 20,000 (1 + 2)10 = 1,500,000 ft.-Ib. 


als 
Neutral puis 


~~ panels @10*80' | 


Fie. 119. Pre. 1205 


Maximum Shear in a Girder with Floorbeams (Exact Method of Calcula- 
tton).—The maximum positive shear in any panel of a girder with floor- 
beams will occur when the portion of the girder to the right of the neutra 
point (Art. 66a) is covered with the uniform load, for, as shown in Art. 
66a, any load placed to the right of this point causes positive shear in the 
panel in question. Figure 120 shows a uniform load in position for maxi- 
mum shear in panel 2-3. ‘This shear is 


+Vmax. = Ri — Floorbeam load at panel point 2. 
From Fig. 120, Ri = aC + x)? and floorbeam load at 2 = 5 Hence 


+V.« = 3 ata) So 


The distance from panel point 3 to the neutral point, as given by Eq. 
; d bbe , : 
(16) Art. 66a, is x = os Substituting this value of x in the above 


equation, we have finally, 

+VMax.= + 507 oe (22) 

‘ 2 (lt —d) 

In some cases it is convenient to express the dimensions shown in Fig. 
120 in terms of the panel length d as a unit. Thus, let n be the number 
of panels in the structure, and let m be the number of panels from the 
right end of the panel under consideration to the right end of the girder— 
that is, 1 = nd, and a = md. Substituting these values in Rg n2y 
we have 


ied m? 
ate Vinee. a 2 wd Gram (23) 
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Note that wd is the unit panel load for the girder under consideration. 

Maximum negative shear may also be determined by means of Hq. (23). 
In this case m is to be taken as the number of panels from the left end of 
the panel under consideration to the left end of the girder. 

Illustrative Problem.—Calculate the maximum positive and negative live load 
shear in the third panel from the left end of the girder shown in Fig. 121 due to a uni- 
form live load of 2,400 lb. per ft. 

Maximum Positive Shear.—Substituting in Eq. (23) with n = 6, m = 3, and w = 
2,400, we have 


ene (5 )@,400)(20) (54) = +21,6001b. 


Maximum Negative Shear.—Substituting in Eq. (23) with n = 6, m = 2, and w = 
2,400, we have 


Goes (oe ZINE Ns 
SVs (5) 2.400010) (54) = ~9,600 Ib. 


Maximum Shear in a Girder with Floorbeams (Approximate Method of 
Calculation).—In practice it is generally assumed that in calculating 


Fie. 121. Fig. 122. 


shears due to a uniform load on a girder with floorbeams, the applied load 
may be divided into panel loads acting at the floorbeams. It is also 
assumed that, for positive shear, all panel points to the right of the panel 
under consideration carry full panel loads, as shown in Fig. 122. This 
condition is evidently not attainable, for in order to have a full panel 
load at point 4, Fig. 122, panel 3-4 must be completely loaded. When 
panel 3-4 is fully loaded there must be a half panel load, }4wd, at point 
3. Therefore, by assuming that no load exists at point 3, the resulting 
shear in panel 3-4 is slightly greater than the true shear, as given by 
Eq: (23). 

However, since the loading conditions shown in Fig. 122 give shears 
somewhat on the side of safety, and since the desired shears can readily 
and conveniently be calculated for the conditions shown in Fig. 122, 
this method of loading is generally used in preference to the loading 
conditions shown in Fig. 120. The method of loading shown in Fig. 122 
is known as the Conventional Method of Loading. 

The maximum positive shear in panel 3-4 of Fig. 122 for the loading 
shown is 


$V mo +Ri= +E +24... md 
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Noting that the expression in parenthesis is an arithmetical series, the 
above equation may be written 


Vatas. = 5% (m + 1) (24) 


Equation (24) gives the maximum positive shear in any panel of a girder 
with floorbeams for the above described conventionai method of loading. 

On comparing the exact value of the shear, as given by Eq. (28), 
and the approximate value, as given by Eq. (24), it will be noted that the 


J of Eq. (24). To 


m+ 
Fs e i of Eq. (23) is replaced by the term = 
estimate the amount of approximation involved in the use of Eq. (24), 
subtract Eq. (23) from Eq. (24), letting D denote the difference between 
the two equations. We then have, after reducing the resulting expression 


to its simplest form, 


term 


Lm (am 1) 
2 n (n—1) 


It can readily be shown by the calculus that this expression has its 
maximum value when m = 14(n — 1), or for panels at or near the center 
of the girder. Substituting this value of m in the above equation for 
D, we have 


on lete essl) 
Dytax.= 3 wd n 


That is, the difference in the shears determined by the approximate and 
exact methods is a maximum in panels near the center of the girder, and 
the maximum difference in the shears calculated by the two methods 
is about one-eighth of a panel load. 

Negative live load shears may also be determined by the conven- 
tional method of loading. For this case all panel points to the left of the 
panel in question are fully loaded, no load at points to the right. Equa- 
tion (24) may be used for the calculation of negative shears, noting that 
the number of panels, m, is to be counted from the left end of the girder 
to the left end of the panel under consideration. 

Since the same equation may be used for the determination of positive 
and negative shears, it is evident that the positive shear in a panel 
near the left end of the girder is numerically equal to the negative shear in 
the corresponding panel near the right end of the girder. A similar rela- 
tion was noted in Art. 66b for the girder without floorbeams. 


Illustrative Problem.—Calculate the maximum positive and negative live load 
shears in panel 3-4 of the girder shown in Fig. 121 for a uniform live load of 2,400 lb. 
per ft. Use the conventional method of calculation. 
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Maximum Positive Shear.—Panel loads of wd = (2,400)(10) = 24,000 lb. are to be 
placed at points 4, 5, and 6. From Eq. (24) with n = 6 and m = 3, 


24,000 
Vie ea 6 4 13 = 24 S 
ae a (2)(6) ‘ oa) ,000 Ib 
Maximum Negative Shear.—Panel loads are to be placed at points 2and3 From 
Eq. (24) with n = 6 and m = 2, we have 


_ 24,000 
(2)(6) 


Illustrative Problem.—Compare the maximum shears obtained by the exact and 
approximate methods of loading as applied to panel 3-4 of the girder of Fig. 121. 
The shears determined in the above problems are given in the following table. 


-V= (2 + 1)2 = —12,000 lb. 


CONVENTIONAL Exact DIFFERENCE IN 
MertTHop MetHop SHEAR 
Positive shear (lb.)....... 24 ,000 21,600 2,400 
Negative shear (Ib.)...... 12,000 9 ,600 2,400 


The values given by the Conventional Method exceed those given by the Exact 
Method by about 11 per cent of the latter in the case of positive shear and by about 
25 per cent in the case of negative shear. These percentages vary with the position 
of the panel under consideration, being small at the ends of the girder and relatively 
large at the center. 


Maximum Moments and Shears in a Cantilever Girder with Floorbeams. 
Figure 123 shows a cantilever girder with floor- 
beams supporting a uniform live load which is ys 
represented by the panel loads wd. Note that a 
half panel load is placed at the free end of the 
girder. Maximum moment at point C’ at a dis- 
tance of m panels from the free end of the girder 
is caused by the panel loads at all points, or by 
the loading shown in Fig. 123. The value of the maximum moment at 
C, which is a negative moment, is 


M, = —wd[1 +2+ ... (m— Did — Mwd- md 


e797 


U/ 
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from which finally, 
M = —Yowm?'d? (25) 


Maximum negative shear in panel BC occurs under the loading shown 
on Fig. 123. The value of the shear is 


V = —wdl¥4 — (m — 1] = —wd(n — 44) (26) 


Positive moment or shear does not exist in a cantilever girder for any 
condition of loading involving vertical downward loads. 


Illustrative Problem.—Calculate the maximum moment at point 5 of the canti- 
lever girder of Fig. 124 due to a uniform live load of 2,000 Ib. per ft. 
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Substituting in Eq. (25) with w = 2,000, m = 4, andd = 5, we have 
M = —(34)(2,000) (4)*(5)? = —400,000 ft.-Ib. 
Illustrative Problem.—Calculate the maximum shear in panel 4-5 of the canti- 


lever girder of Fig. 124 due to a uniform load of 2,000 lb. per ft. 
Substituting in Eq. (26) with w = 2,000, m = 4, and d = 5, we have 


V = —(2,000)(5)(4 — 144) = —35,000 lb. 


4. f G 
E _ Epanels @ 5'=350' _ 


Fig. 124. 


67. Moving Concentrated Load Systems. 
67a. Conventional Methods of Representing Live Load 
Concentrations.—Live loads for bridges are represented either by a 
uniform load, or by the actual train or vehicle loads carried by the struc- 
ture. As these loading systems are subject to considerable variation, it 
is generally found convenient to assume certain typical load systems 


mW m cS 
{ee 
Typical Truck or Typical Street Car Diagrams Typical Road 
Tractor Diagram Roller Diagram 
_ Fie. 125. 


which experience has shown will represent the loading conditions encoun- 
tered in practice. For highway bridges these typical loading systems 
represent trucks, road rollers, or street cars. Figure 125 shows typical 
diagrams. For any particular case loads and distances suitable to the 


0 1774-torr engines 
a ° 


Tw 
: 
“ tote. 
(6) 


8 i 
ee Aca 
O ’ 


5‘>| 5000 /b. per Fr 
uniform load 


———-—--Second engine--——-—--= 


Cooper's E50 Loading 
Fie. 126. 


conditions under consideration are to be substituted for the literal values 
indicated. 

Train loads are generally represented by a set of typical loadings 
devised by Theodore Cooper. One of these diagrams is shown in Fig. 
126. This diagram represents two typical consolidation freight loco- 
motives followed by a train load which is considered as uniform per foot 
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of track. The weight on each driving axle, wheels 2 to 5 and 11 to 14, 
is 50,000 lb.; that on the pilot axle, wheels 1 and 10, is 25,000 lb.; the 
weight on each tender axle, wheels 6 to 9 and 15 to 18, is 32,500 lb.; and 
the train load is taken as 5,000 lb. per ft. of track. For reference, the 
system shown in Fig. 126 is known as an E-50 Loading, taking its name 
from the amount of the driving axle load. Other loads are also used, but 
to facilitate calculation, the distances between the wheels are kept the 
same for all loadings, and the loads are all changed by the same ratio. 
Thus for an E-40 loading system, 
all loads are 42% Q or 0.8 of those 
shown in Fig. 126. 

67b. Moments and 
Reactions for Concentrated 
Load Systems.—Let it be re- Fie. 127. 
quired to determine the reaction 
R and the moment at point C of Fig. 127 for the loading conditions 
shown. From the definition of moment given in Art. 68, the moment 
at C is equal to R: times the distance from the moment center to the 
left support minus the moments of wheels 1, 2, 3, and 4 about point C. 
That is 


Moa 5 at 
i 


4 
where > indicates the summation of the moments of wheels 1 to 4 
1 


about wheel 4. 

Now the value of R, is determined by dividing the moment of all 
loads about B, the right end of the beam, by the span length. If we 
let Wz be the moment about B of any wheel of weight W at a distance z 

9 
from B, and let >We be the sum of the moments of wheels 1to 9 about B, 
1 


we have, including the short piece of uniform load, 


9 
etm | Ls, 
R= <1 (Se ju ) 


Substituting this value of R, in the expression for M., we have 
9 4 
= ne 
M.= (Swe +9) 


9 
The term ») Wz of the above equation may be placed in a form some- 
1 


what more convenient for calculation by the following process: Let G be 
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the total of all wheel loads, and let G be assumed as located at the center 
of gravity of all of the loads, which will be assumed as at a distance c 
from the last wheel load, as shown in Fig. 127. Then 


9 
>We = Ge + 2) =Gce+Gz 
1 


9 
But.Ge= > uM = moment of loads 1 to 9 about wheel 9. Therefore, 
1 


for any case involving n loads, we may write the general expression 
>We = > M + (Sr) (27) 
1 1 1 
where > M = moment of all loads about the last load or the nth wheel; 
1 


>wW = sum of all loads up to and including the last or nth wheel ; and 
1 
x = the distance from the last load or the nth wheel to the moment 
9 
center. Substituting this expression for >We in the equations for R, 
1 
and M., we have for the conditions shown in Fig. 127 
Ui : 1 
R; = 7230 + (7) e+ Jen | (28) 
and 
9 9 1 - 4 
M. = | Sar ++ (SW )a ap wi he 2M (29) 


A study of Eqs. (28) and (29) shows that, in order to calculate 
moments at any point in a beam due to a system of concentrated loads, 
there is required the sum of the moments of all loads about the last 


wheel on the beam, as indicated by >M ; the sum of all loads up to 
2 1 


and including the last load on the beam, as indicated by > W; and 

the negative moment of all loads in front of the given eer center, 
4 

as indicated by > M. It is evident that such calculations are likely to be 

long and tedious, especially for the locomotive loading of Fig. 126. 


However, by means of certain tables which will be given in the foliowing 
article, the work of calculation may be greatly simplified. 
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67c. Moment Tables.—Tabular forms suitable for the 
moment and reaction calculations described in the preceding article 
are known as Moment Tables. Many forms for these tables have been 
devised and have proved very satisfactory. Two such tables are given in 
Tables 1 and 2, pp. 103 and 104. In Table 1 the train load is taken 
as a uniform load, while in Table 2 the train load is assumed to consist 
of a series of concentrated loads 10 ft. apart, each load being equal to 
the total load on 10 ft. of track. Other differences in arrangement will 
be brought out in the discussion given below. 

The principal items of Table 1 are shown in condensed form in 
Fig. 128 in order to simplify the explanation of the arrangement of the 
table. In horizontal line a of Fig. 128 the load on each wheel is given. 
Line 6 contains a summation of all loads from wheel 1 to any given 


Loads 
= Loads 


= 5 be 54 fe 5+ >< - 94 Pa Sia <6" Sih nae ap | Uniform 


\ rain Load-, 


GEOMICRO RSOmmommOn Ags 2 277! 


(ebornce| 32 | 24 | 9 | /4 | 9 [0 25 rae 16 
m\zloads | 12875 | 625 | 91.25 | 66.25 | 425 eel 525 | 4875 
n|EMoments| 2050 _| (650 [1050 | 575 | 225 | elo |a25 | 260 | 5¢0_| 
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wheel. Thus in line b above wheel 5 we find 112.5, which is the sum 
of the loads on wheels 1 to 5 inclusive. According to the notation of 


5 
Art. 67b, this value is denoted by > W = 112.5. The spacing of the 
1 


wheels in feet is given in line c. In line d the numbers in circles are used 
as a convenient means of designating the wheels. The distance from 
wheel 1 to any wheel is given in line e. Thus under wheel 6 in line e we 
find 32, which is the distance from wheel 1 to wheel 6. In lines f, 2, and J, 
the distances are measured from right to left. Thus line f gives distances 
from the head of the uniform load to any wheel; line 7 gives distances 
from wheel 9 to any other wheel; and line / gives distances from wheel 6 
to any other wheel. For example: To find the distance from the head of 
the uniform load to wheel 4, refer to line f and under wheel 4 read 35, 
which is the required distance. Again, to find the distance from wheel 6 
to wheel 2, refer to line J, and directly under wheel 2 read 24, which is the 


required distance. 
z 
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Load summations for several groups of wheels are given in lines 
g, j, and m. In line g the load summations are given from right to 
left. Thus in line g under wheel 3 we find 140, which is the sum of 


wheels 9 to 3 inclusive. According to the notation of Art. 67b, we have 
9 ‘ 
>wW = 140. Similar information is given in line j. In line m, the 
3 


summations start at wheel 6 and move to the left. Thus in line m under 
wheel 3 we find 91.25, which is the sum of the loads on wheels 6 to 3 


6 
inclusive, or >, W = 91.25. 
3 
Moment summations, proceeding from right to left, are given in lines 
h, k, and n. These summations are made by taking the moment about 
any wheel of all loads to the left of that wheel. In line h, moments are 
taken about the head of the uniform load. Thus wheel 9, a load of 
16.25 is 5 ft. from the head of the uniform load. Hence the required 
moment is (16.25)(5) = 81.25, the value which appears in line h under 
wheel 9. The moment of wheels 9 to 5 about the head of the uniform 
load is given in line h under wheel 5 as 1,595. Thismomentis determined 


as follows: 


eee 


Wheel Load Distence wens! Moment Moment 
of uniform load 


9 16.25 5 $1.25 S125 

8 16.25 10 162.50 243.75 

7 16.25 16 260.00 503 .75 

6 16.25 21 341.25 845 .00 

5 25.00 30 750.00 1,595.00 
Total moment.| ..... bt 1,595.00 


a 
Note that the sum of the moments for wheels 9 and 8 is 81.25 + 162.5 = 


243.75, the value which appears under wheel 8; the sum for 9, 8, and 7 
is 81.25 + 162.5 + 260 = 503.75, the value which appears under wheel 
7. The last column of the above tabulation gives these successive sum- 
mations. By an extension of this tabular form to include all wheels of 
the locomotive, the table of Fig. 128, or Table 1 can readily be calculated. 

Lines k and n of Fig. 128 give moment summations beginning with 
wheels 9 and 6 respectively. Thus the moment of wheels 2 to 6 about 
wheel 6 is given in line n under wheel 2 as 1,650. Toexpressthismoment 

6 


in terms of the notation of Art. 67b, we write >) M = 1,650. 
2 


Table 1 is more complete than the condensed form shown in Fig. 128. 
All wheels of both locomotives are shown. The table is so arranged that 


a 
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values for one or both engines can be determined. Problems in the use 
of Table 1 are given at the end of this article. 

Since it is sometimes convenient to have moments for loads to the 
right of any wheel, as for example in calculating floorbeam loads, these 
moments have also been given in Table 1. Thus lines /, m, and n of Fig. 
128 give respectively, summations of distances, loads, and moments for 
the several wheels to the right of wheel 6. Table 1 contains similar values 
for all wheels. 

Table 2 contains the same information as given in Table 1, although 
the arrangement of the two tables is somewhat different. Figure 129 
gives in condensed form the principal items of Table 2. Lines a, b, and 
c contain, respectively, the amounts of the several loads; the spacing 


25 | 1625 | 1625 | 1625 | 1625 |_ 25 ee | 


nawim.. 25 


ees a Semis alee 6B 
75 | M25 \(2BTS | 145 _|Wle5 
G00 | 10375 | 2050 |\2Z693 72 |356572 | 
jo we 24 29 aes 
75 | 100 | U6.25 | 1325 \/4875 
7 |= Moments | a75_| 750 _| 1650 _\225125 7026.25 
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between loads; and the numbers to be used in designating the several 
wheels. Line d gives the summation of distances from the first wheel to 
any given wheel. Thus in line d under wheel 7 read 37, which is the dis- 
tance from wheel 1 to wheel 7. Line e gives summations of loads from 
wheel 1 up to and including any given wheel. Thus under wheel 7 
in line e read 145, which is the sum of loads 1 to 7 inclusive. Line f 
gives the summation of moments for all wheels to the left of a given wheel. 
Thus, wheel 1, a load of 12.5, is 8 ft. from wheel 2. The moment of wheel 
1 about wheel 2 is then (12.5)(8) = 100. ‘This value is given in line f 
under wheel 2. Again, the moment of wheels 1, 2, 3 and 4 about wheel 
5 is as follows: 


Wheel Load Distance to wheel 5 Moment 

1 1) 23 287.5 

2, 25.0 is 375.0 

i) Dom) 10 250.0 

4 is (0) 5 12 5m0 
Mopalmomente....--- i) O87 


EE ee eRe 


This value is given in line f under wheel 5. 


W’ 
Wom 
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Moment values given in Table 2 may be calculated by the method 
given above, adding on the moments for the successive wheels. However, 
a somewhat better method of calculation is offered by Eq. (27). The 
following tabulation shows how the work may readily be carried out. 


b eee d e 

. Total load oe 1p a Increment Moment 
Wheel (W) ratte (Wz) Maus 

il 0.0 0 0.0 0.0 

2 12.5 8 100.0 100.0 

3 OH (5) 5 187.5 287.5 

4 6285 5 S255 600.0 

5 87.5 5 437.5 L038te5 
ee eee 


Moments in column ¢ are obtained by adding the moments of column d to 
the total of the preceding moments. Thus for wheel 4, add the increment 
312.5 of column d to 287.5, the moment for wheel 3, aS given in column 
e. The total is 600, the desired moment for wheel 4. 

Since in certain loading conditions wheels may pass off the structure 
as the loads are moved to the left, summations of loads, distances, and 
moments are given omitting the 
leading wheel. Thus in lines g, h, 
and 7 values are given considering 
wheel 2 as the leading wheel. In 
: Table 2 successive wheels have been 

Fira. 130. omitted as far as wheel 12 of the 
second locomotive. 

The choice of moment tables depends largely on the personal opinion 
of the calculator. Of the two tables given here, Table 1 is used to a 
greater extent than Table 2, although in many ways, Table 2 is the more 
convenient. Illustrative problems follow showing the use of the moment 
tables. 


Illustrative Problem.—Calculate the left reaction and the moment under wheel 3 
for the loads shown in Fig. 130. 


1 ee M 
The left reaction is R, = AG where Mz is the moment of all loads about the 


right end of the beam. From Eq. (27) with values of n for the 9th wheel and « = 5ft., 
as shown in Fig. 180, the general form of the value of M ig 


9 9 
Me = DM + (21) 
1 1 
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9 9 
From the moment tables, 2M = 4,370 and 2W = 177.5. To find these values in 
1 1 


Table 1, follow vertically downward from wheel 9 of the locomotive shown in the upper 
right-hand corner of the diagram until the circle containing the number 9 is reached. 
Then follow horizontally to the left to the column vertically under wheel 1 of the same 
locomotive. In the line = moments read 4,370, and in the line = loads read 177.5. 
In Table 2, these values will be found under wheel 9 for the lines which give the 
summations for wheels 1 to 9. 


9 9 
With these values of 2M and ZW we have. 
1 1 


9 9 
Ms =2M+ (2 W) a2 = 4,370 + (177.5)(5) = 5,257.5 
1 1 


or 
Mz = 5,257,500 ft.-lb. 


(Note that the values given in the tables are in thousand pound units.) Hence 


bat p20E = 87,625 lb. 


3 3 
The moment at Cis M, = (R:)(20) — 2 M, where 2 M is the moment of wheels 
1 1 


1 and 2 about 3, which from the tables, is 287,500 ft.-lb. This value is found as 


9 
described above for 2 M. We then have 
al 


= (87,625) (20) — 287,500 = 1,465,000 ft.-lb. 
In some cases the value of the reaction is not required. The calculation of moment 


can then be made cae, first calculating R. as follows: 


M, = 20 Ms - 2 ee (20) _ 987,500 = 1,465,000 ft.-Ib. 


Illustrative Problem.—Calculate the left reaction and the moment under wheel 6 
for the loads shown in Fig. 131. 


Fia. 131. 


Note that eure of loads and moments are required for wheels 3 to 15 inclu- 
15 


sive. Hence 20 = 268.75, and = M = 10,420. Also « =4ft. Then from Eq. 


(27), | 
Mz = 10,420 + (268.75) (4) = 11,495 
Therefore, ee 
Ma _ 11,499,008 = 143,700 Ib 
Bie = eq 30 143,700 lb. 
Now : 
(Mz)(20) _ 


wees M 
M. 30 oN 
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From the moment tables 


6 
> M = 1,050,000 
3 


Therefore 


Wee ee — 1,050,000 = 1,823,750 ft.-Ib. 


Illustrative Problem.—Calculate the moment under wheel 6 for the loads shown in 


Fig. 132. 
In problems of this kind the results given by 


Uhifam ican Lables 1 and 2 may differ somewhat because of the 
© KZZZZZ , assumptions made regarding the distribution of 
the uniform load. 

Solution from Table 1.—¥For the conditions 
shown in Fig. 1382, Eq. (29) may be written in 
the form 


18 18 e 
M. =| 3M + (2W )75 +34 x25 x 70°] 99/55 — 2M 
1 1 : 4 


From Table 1 these terms have the values given in the following equation: 
Me = [18,680 + (355) (75) + (34) (2.5)(70)?] $8435 — 2,050 


From which finally 
M, = 8,514,000 ft.-lb. 


Solution from Table 2.—In using Table 2, where the uniform load is divided into 
concentrated loads, we must locate the last load 
on the structure. From Fig. 133 we note that 
wheel 18 is 75 ft. from the right end of the 
beam. The distance from wheel 1 to the right 
end of the span is therefore 104 + 75 = 179 ft. 
Referring to the line in Table 2 which gives the RF 
distance summations for all loads, we find that ote 
the right end of the span is 179 — 174 = 5 ft. to the right of load 25, which is shown 
in its proper position in Fig. 133. 

Then from Eq. (29) 


25 25 6 
it [2u+(20 5|85%65 3M 
1 1 


Selecting the required values from Table 2, we have 


M.= [48,780 + (530) (5)] 38/85 — 2,050 
from which 


eM = 8,514,000 ft.-lb. 
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68. Moments and Shears Due to Moving Concentrated Load 
Systems. 
68a. Position of Loads for Maximum Effect.—Every 
possible position of a system of concentrated loads will cause stress, 
moment, or shear in the members of a truss or at the sections of a beam 
or girder. However, there is some position of the applied loads which 
will cause a stress, moment, or shear which is greater than that for any 
> other position of the loads. It is this maximum value which is required 
in the design of a structure. 

The required maximum value of stress, moment, or shear K beam 
determined by successive approximations—that is, many positions of 
the applied loads are assumed and the desired value calculated for 
each load position. By comparing these calculated values the desired 
maximum may be determined. This process is generally long and 
tedious, for all possible combinations of loading must be tried in order to 
make certain that the true maximum value has been determined. 

To avoid the excessive work required by the method of successive 
approximations, certain formulas are readily derived in terms of the 
applied loads and the dimensions of the structure by means of which 
the correct position of loads for maximum stress, moment, or shear is 
readily determined. Such a formula is known as a criterion for position 
of loads for maximum moment, shear, or stress, as the case may be. In 
the following articles these criteria will be derived for the more important 
cases in general use. 

68b. Position of Loads for Maximum Moment at Any Point 

in a Simple Beam without Floorbeams.—Maximum moment at any point 

in a simple beam due to a set of moving concentrated loads occurs when 

some load is placed at the given moment center. This statement may be 

verified by a study of moment and shear 

ih diagrams for systems of concentrated loads, 

Hing as for example, Fig. 92 of Art. 65a. Note 

a that the moment is a maximum under one 

of the loads, and note also that the shear 

passes through zero at the point of appli- 

cation of one of the loads. Again, from 

the discussion given in Art. 65b, the mo- 

ment is a maximum at a point of zero shear. Hence, the moment is a 

maximum at some load, and therefore to obtain‘:maximum moment at 
a given point, a load must be placed at that point. 

The above statement may also be proved by the following analysis. 

In Fig. 184, assume that a set of concentrated loads is placed so that 

the given moment center is located between two wheels, P; and Po. 

Let G be the sum of the loads, and let x be the distance from the center of 

gravity of the loads to the right end of the beam. Also let W be the sum 


TABLE 


Wueet Loap Tasu 


LATION 


TABLE 2. 


CoorEer’s E 50 Loapine 


COOPERS E50 LOADING 


UNIFORM TRAIN LOAD QF 5000 POLINDS PER FOOT 


LOALS ARE CHIVEN IN THOUSANDS OF POUNDS 


TWO IF7ETON CONSOLIDATION LOCOMOTIVES 


WHEEL OAR TABULATION 


ALL LOADS a MOUITENTS ARE FOR 


46, a. ee 


PSTANCES GEE GIVEN IN FEET 


MOMENTS ARE GIVEN IN THOUSAN®SS OCF FOOT FOM VOS 


ONE FAIL 


25 25 25 25 
10 —-+—/0 —+# 


10 —+-—10 —*-—/0- —+»— /0 


ee 16.25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 
5—+/0 


TES 


Pate ity 


© HQ) 
yy) 


a. are 46. .. 


Seid 


JO 


JO JO /0 10 10 /0 40 10 10 /0 /0 10 


—/0 


| 


(Facing p. 104) 


244. 


N 
© 


: 
© 


wD 
mIN|S 
AIQIN 

WH 
in 
NINDS 
Nigh 


© 
y 
N 


; “Te 9 iy QT lala alo S © 
Ril SintelS hae is MSINGIS RISER) gla Saal 
{ON NS NIRIS NASON NIN Ny INS|SIN \ se 
aaa esheae SACRE RRS PS SERS ISSR 
aE blantst Ale MN SUT IST lal fg MI Shai I 
NIX . in 
NSSIINSRY SSRN SINS ISSIN RGIS RANE NGS 
SPASMANNS SS NAS SISSSSPR AE SIRS ES 
om? ». ~ ~™s = = 
TH Tol talc lS helaln als sli NARS 
\) nil RMLSY N N \ NII 
su XDI hal R VAIN VM ININ| NolSIRB M NTR) pal 
QIN SIs RI NIININ IS MIS HGhs RI SIN [NIS|G NIRS GIS 
PSE PRSER EARS CASES ASIP AP SS ERSLT RISER 
ara areas ml] [ke INAS 
& 1 IRS He IN ba SISO WAIN 
9 |} RIP Rraiiad Se NEA IN ININISI OS [SINT Bigg iet Shdko!¥ 
aSigeiSs SISSISISAIS ISIN RINSING QIN Nj NNR 
We ‘Sst VINVRIS|N Nig NI NN) NF iS N N 
N ~ » = i) 
a4 aa rt if a S 
al 8 lal Shalal MIR 1 ISI lol Sg ISIS bak Ileal lala 
aaeeehe Siecle SNS Ss MUSA SS RAINS 
SSBASERS NIS “Ss SSP SINE SIRASRETINA Se 
T Tol haltel heltal Tle 1 lly laneg QP holt. Maly N R 
INISIES SIN QAM ss SID INIA NT ol [IRIS fog Llole NIN] 
SUSE ISIN CIN NI RES ed SKS RUT Shy a SES 
sS ~~ 
ES Vlghals IR TAS : , NR|g aN gf 
ES SON ESS SNP IOIN ‘N 
~~ ~s 
I 
cite OE SRN Se BRUSHES EAI GREG StS 
RTE TRESS CRIES RSRR als 
Q IR In 
R 
© 


: 
.) 
N 
Ny 
a 


al Rial RAIS NINN Val IN RON lol S 
BS SIG SINS SISSRISINS NSS IRR INR ISI SRS ea segs 
VIS WR NN AL ISS EAN] | “|S 

ws YQ S\ \ 
9 Seal MOQ NR SEMIS R N 
Vol Q Posy ISS Ils . N OR 16 =| PAV Ns SIN SINSIS 
NA] ISIN SSI RISIN S NS NH lies NIN SIGINT RS [GIG yy 
N SIS] N NIV 
SRE SSAA RIIRSSS SSS SESSSEN SSS 
~ % A Ny S 
am wlS{ tI ho LIST ISL NS 
VASE SRA SIR GR SEER CRIS SR SRBNER GSS 
INO NINSISINS SRST RSS ISSESSENISE NS SIRT TR 
RY S S 
Sleta DL IRL IT fl SR Oka MIR x & 
WR alal SIA] IR]. alah toy QIN SIMTAISIN lghnsl SINIMISISENTO 
AN) QIN SIVN VigS MINN [NIA e Ag |G] NTS ASign wad NINN an, 
nesenehee SEP SSAA RISE ISANISE RIAL SBE LOR 
af S 
OQ] Iwo R RNS LO} dnl ay & NY S » 
Q| Rial] RAEN S1eG SD IOINISN TN IR ATS TESS [eg] ge] SIO MISSI 
NIIS| CIS SIGIS SININISIR INI IGINIS [GIST NLS [8 SY) SOLAN TIS G/N GA 
eee YSENREARE ARS 
= SI Za Ww Ss 
Q] lal S 1 fol S hg SHRI hol SS foto} SIN J helt] Qh IS lo lanl 
TS NSNINSRI SISNET SSIRAN SEIN SINS 5 
SSSI NASA SEN ECRS EIB IS A RISASICE PREM 
Ny) bo % : oad] kale NS 
Teeedaterh ieee 
USAGES ERSSR SERN SSRSSRS 


26850 [50755 | 
76.25 | 4OL25 
264475 
Za 


| 732 | 42 | 
27.) 87.3 


. 


te 
Se 


gale 
SIRS 
: y 
ASA By Seeee 
sulsleslahiskelst 
SIERTINISIS ISIS 


NARNRS 
~~ 
SRG 


2 

24685 
ee 2/8 
[360 _| 3 
re 
a 
75] 20655 (a 
ztsSsets 
“1516770 [22 
op | ee 
500| 17420120 
saree 
[29 [3 
0} /4920\17 


es 


122 

19730 [23/55 
aT pled 7 
[326.25 | SBL25 | 
ee ee 


RSs =< N 
SIS als Nig NAN 
Le be yh Ni Ie QT 
a hed 
Sig ShaN 

NR S N 
ni NN 

AIS it § IR 

SI NINDS 

Rw i) i NY av aN 


640 


22755 
eee 


3OLZS 


79330 
102 


Baas Fan 
ae ie 


Q 

Oo} M] eq |? 
sa ceeeniS 
NO] Sl olai 
bier 


as 
NN 
elses 
SPSS 
Q nm 
Ky Ly 
OS AIM AY IN aS 
S/W “PRS CIESP RCN SSRES 
SPS YG 
eee NS SIN 
PN ay 
WN 


(S) 


NS) 
RIS 
~“ 


7360 196 
5 (62 IB 
Ae ae 
45 | 
El eee 
ear 
5 | 165 | 7 
53770 
Seleesaa 4 
7[2770 [al 


26.25 CEE ISTE 2 
7396. 75| 8530 |/ 


7% | 3/0 _| 326.25 
3888, 75 5748.75 
2 Ok 86 
fies 
O_\VW/763.75 

7 See 
Bear 
ae 
Zoo, al 

| 7888.75 | 


ee 


) 
cISB Ry 8 a5/ NW SIs SO Ri IN NR IN RlalelS 
& NISIN Nis S ig) 


in 


z 


Lele 


Zi 


© x Saini Sls alelQ 
BLS, SSRs SAN NSNONES tals ache 


oS 
WN DIOR 
EL ety |, 


a) 
Mini] Rs] 0 NY 
: ick epeweceemerte HUTT 
mY © 
0 Os Qo] Ni! 
\ By “TAT XL 
i) 
! WIT lolea 
q OS yy N 
bt) @ 
nt Wy 
9 NY) 
yy 

P=) 

: RT] PR ~ 2 ik 
FO UeEECRE EEC EC EL Ht 
8k PEE VERE ESE REED lie as al Huh 
SE SPIN A eNTb gy AG Gia FS Prt RG PAI] OS Tal ng AG as 


ak 
<@ 


ae ae Me 2 eb “ABL 
* FOS i OL, Mesh THON Pee 


i 


Aida Tas Racin 


7 —- J a 7-9 oe - 
3) 
mg 


ae 
~~, 


ES: Er SPS 


Sec. 1-686] GHNERAL THEORY 105 


of the loads in front of the moment center, and let z be the distance from 
the moment center to the center of gravity of these loads. For the condi- 
tions shown in Fig. 134, 
M, GG. =a — Wz 

Now assume that the loads are moved to the right until load P; reaches 
point C, assuming that the total load G is not changed during the move- 
ment. The distance x now becomes +—b and distance z becomes 2—). 
Taking moments about C, we have 

M, =¢ Fg -We-d 
Again, assume that the loads are moved to the left until P2 reaches point 
C. The moment at C is then 


(2 + ¢) 
l 


To determine the change in moment due to these movements of the loads, 
subtract the first of the above equations from each of the others. Letting 
D be the difference resulting from this subtraction, we have 


M,=G a — W(e+c) 


D(movement to right) _ _ (q% _— 
a at @ (« l a) g 


and 
D(movement to left) _ a 
P, at C ¥ G w) i 
From these equations we note that the character of the change in moment 


depends upon the relative values of the terms G and W. Assuming 


that the ee term is greater than the ae itis Patent that the 
moment at C is greatest when Pz is at the point. If W is greater. than 
@7 
C is greater when there is a load at that point than it is when the loads are 
located one on each side of point C, as shown in 
Fig. 134. The statement is therefore proved. 

To determine the proper position for a given 
system of concentrated loads in order that a 4 
maximum or minimum moment at a point will 
result, consider the conditions shown in Fig. 135. 
Let G represent the total load on the beam, and 
let W be the load to the left of the moment center, which is point C, at a 
distance a from the left end of the beam. Also let x represent the distance 
from the right end of the beam to the center of gravity of all the loads, 


, then P; at C gives the greatest moment. In any case, the moment at 


Fie. 135. 
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and let z be the distance from the moment center to the center of gravity 
of the loads W. For the conditions shown in Fig. 135 

M. =@"a— We (30) 
Now assume that the entire group of loads is moved a distance A to the 
left. During this movement of the loads let it be assumed that the load 
groups G and W are not changed due to loads passing points A, B, or C. 
For this new position of the loads, 


mi =G2F54_ wets) (31) 


The difference in moment caused by the change in position of the loads, 
which will be denoted by m, is found by subtracting Eq. (30) from Eq. 
(31), from which 


m=G5A—WA=(GS-W)a (32) 


The expression (ce — W) of Eq. (82) gives the change in moment due to 


a movement of the loads in terms of the loading conditions, the distance 
from the moment center to the left end of the beam, and the total span 
length. 


If the term (G a — Ww) of Kq. (32) is a positive quantity for any given 


position of the loads, the moment at point C, Fig. 135, is increased as the 
loads are moved to the left. Suppose the loads are moved to a new 


position and the proper values substituted in Eq. (32). If (@5 -w) 


is found to be a negative quantity, the moment at C is decreasing in value 
for the new position of the loads. It is evident, therefore, that if a move- 
ment of the loads to the left causes an increase in moment, and if further 
movement of the loads finally causes a decrease in moment, there must be 
some position of the loads for which the moment is neither increasing or 
decreasing—that is, the moment has reached a maximum value. This 
condition may be indicated by placing m = 0 in Eq. (32). Hence the 
relation between loads and distances for a maximum moment is given 
by the expression 
a 

Gs WO) (33) 
Equation (33)<is known as the criterion for position of loads for maximum 
moment at a point distance a from the left end of a beam of span l, 
Equation (33) may also be written in the form 

G W 


1 : (34) 
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Since G is the total load on the span and 1 is the span length, S 


is the average load on the span per unit of length, and since W is the 
load to the left of the moment center, and a is the distance to the left 


W . 
end of the beam, eee the average load per unit of length to the left of 


the moment center. Hence for maximum moment, the average load per 
unit of length on the whole span must be equal to the average load per unit of 
length to the left of the moment center. 

The conditions stated in Eqs. (33) and (34) can be satisfied definitely 
by auniform load. It is quite evident that, for a beam carrying a uniform 
load, the average load on the whole beam and the average load to the left 
of the moment center are equal when the beam is completely loaded. 
This has already been shown (Art. 66), p. 86) to be the required position 
for maximum moment due to a uniform load. 

In the case of a system of concentrated loads an exact equality can- 
not in general be obtained by substitution in Eq. (33). However, it is 
possible to find some position of the loads for which G : is greater than 
W at the beginning of the movement, and less than W at the end of the 
movement. While G . — W is not equal to zero, it has passed through 


the zero value during the movement of the loads. 


The discussion given in the first part of this article proved that for 


maximum moment due to a system of concentrated loads, one of the 
loads must be placed at the moment center. Suppose a system of loads 
has been placed on a beam with one of the loads, which we will call P, 
placed a very small distance to the right of the moment center. or this 


position of the loads assume that G 7 — W of Eq. (83) is a positive quan- 


tity—that is, o SW. In substituting in Eq. (33) note that load P 


is not to be included in the load W, for P is located to the right of the 
moment center. If the loads are moved a short distance to the left so 
that load P crosses the moment center, the value of W has been increased 
by the load P, while the total load @ remains unchanged, assuming that 
during the forward movement no loads have passed off the left end of the 
beam or no loads have come on the beam from the right. It is evident 


a : 
that by this means, W may become greater than G 7 OF the sign of 


Eq. (33) may be changed from positive to negative as load P crosses the 
moment center. As stated above, this is the required condition for a 


maximum moment. 


| 
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To show that Eq. (33) may be made to pass from a positive to a 
negative value only when a load passes the moment center, assume a load 
is located just to the right of point B, Fig. 135, and assume that for 


this position of the loads @ 7 is greater than W. Now assume that 


the load in question passes point B, no loads passing points A and C. 

The only effect of this movement on the loads will be to increase G. 

Since @ 5 is greater than W at the beginning of the movement it can 

readily be seen that it is also greater at the end of the movement, and 
a 


that G ] 
just to the right of point A, Fig. 135, and assume also that for the given 


W will not change sign. Now assume that a load is located 


loads, OS is greater than W. Assume further that the loads are moved 


to the left so that the load in question crosses point A. Both Gand W 
are changed by this movement, but it is evident that G 7 is not changed 
by the full amount of the load P (the load which crosses point A), 


while W is changed by the full amount of P. Hence the sign of G : — W. 


will remain unchanged. Therefore, a maximum moment will not occur 
for a load at points A or B of Fig. 135. 

The above discussion has been confined to the determination of the 

position of loads for positive moment at a given point. By an analysis 

similar to that given above, it can be shown 

£50 Loading . that for a minimum moment at a given point, 

1¢ a load must be placed at A or B, of Fig. 135, 

; >] or loads may be placed at both points, no load 

Fia. 136. at the moment center. If loads placed in this 

position satisfy Eq. (33), a minimum moment 

will result. However, the calculator is generally interested only in the 

maximum moment at a given point, and minimum momentsare notin ques- 

tion. Therefore, no further attention will be paid to minimum moments. 


Illustrative Problem.—Determine by means of Eq. (33) whether or not the loads 
shown in Fig. 136 produce a condition for maximum moment at point C. 

For the conditions shown in Fig. 136, where a = 20 ft., and 1 = 60 ft., the criterion 
of Eq. (33) becomes 


a G 
Gi -W=5-W=0 


The total load on the span, as shown in Fig. 136, is composed of wheel loads 1 to 9, 


Gg 4.11 


9 9 
or G= ZW. From Tables 1 or 2, > W = 177.5. T oes aes 
: 7 herefore, G T= 3 = 582. 
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The value of W depends upon the position of wheel 3. If wheel 3 is placed to the 


ll 


2 
right of point C, W = sum of loads 1 and 2 =2W = 387.5; and, when W is placed to 
1 


3 
the left of C, W = sum of loads 1, 2, and 3 =2W = 62.5. Two substitutions must 
1 
be made in the criterion, as follows: 
Wheel 3 to right of C, 
GS — W = 58.2 — 37.5 = + 


Wheel 3 to left of C, 


ll 
| 


G5 -W = 58.2 62.5 


Note that the actual values of the remainders from the subtractions are not given, 
but that only the sign of the result is indicated. This is done because the sign of the 
remainder is important while the amount of the remainder is of no particular 
significance. 
Since the sign of the remainder in the above substitution is positive when wheel 
3 is placed to the right of point C and negative when 
wheel 8 is placed to the left of C, wheel 3 satisfies the £50 Londing 
condition for maximum moment at point C of Fig. 136. , ND) Je 
Illustrative Problem.—Does wheel 4 of the loads i ay i 
shown in Fig. 137 answer the conditions for maximum = fis C50 ec ae 
moment at point C? 


For the conditions shown in Fig. 187, the criterion HIG 5137. 
is written 
GS -W ae SP le? Si 0 


In this case the total load G will depend upon the position of wheel 4. If wheel 4 is 
assumed as placed to the right of point C, then also will wheel 9 be to the right of point 
B, and therefore is not to be included in the total load G. When wheel 4 is placed to 
the left of point C, then also will wheel 9 be to the left of point B, and therefore is a 
part of the total load G. 

The substitutions in the criterion are as follows: 
Wheel 4 to right of C, 


8 
Guts Wao kes 


3 
1 


| 


0.4G — W = (0.4)(161.25) — 62.5 = 64.5 — 62.5 = + 
Wheel 4 to left of C, 


D 
ll 


9 
ZW = 177.5 
if 


4 
W=rWe= 87.5 
1 


(0.4) (177.5) — 87.6 = 71.0 — 87.5 = — 


ll 


0.44 — W 
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Since a change of sign occurred as wheel 4 passed point C, the condition for a maximum 
moment is satisfied by wheel 4. 
Illustrative Problem.—Does wheel 5 of the loads shown in Fig. 138 answer the 
nee conditions for maximum moment at point C? 
ni Note that the conditions at the right end of the 
OS = 2 8 beam are the same asin Prob. 2. At the left end of 
-- #-- the beam, note that when wheel 5 is to the right of 
C, wheel 2 is on the beam, and when wheel 5 is to the 
Fie. 138. left of C, wheel 2 is not onthe beam. With these hints 
the reader can readily verify the following calculations. 
The criterion for the case shown in Fig. 138 is 3gG — W = 0. 
Wheel 5 to right of C, 


G = IW = 148.75 
2 
4 

W =2W = 75 
2 


364 — W = 55.8 — 75 = — 
Wheel 5 to left of C, 


9 
G = ZW = 140 
3 


5 
W=2W = 75 
3 


3G —W = 52.5 —75 = — 


Wheel 5 does not satisfy the conditions for maximum moment. 
Illustrative Problem.—Does the loading condition shown in Fig. 139 satisfy the 
conditions for maximum moment at point C? 


£50 Loading 


Fie. 139. 


The form of the criterion for this case is 4G —W =0. F iti 
= or the conditions sho 
in Fig. 189, @ = 355 + (158)(2.5) = 750, and W = 355 + HAD = Fs Henee 


eG — W = (14)(750) — 375 =0 


The loading conditions shown in Fig. 139 satisfy the conditions for maximum moment 


68c. Determination of Maximum Mom int i 
a Beam.—The determination of the maximum Tones a 
beam may be divided into two parts: (1) The determination of the wheel 
or wheels which satisfy the criterion for maximum moment at the ive 
point, and (2) the determination of the maximum moment. a 
The wheel which answers the condition for maximum moment must be 
determined by trial. For engine loadings, such as Cooper’s loadings 
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the maximum moment at any point usually occurs under one of the neavy 
drive wheels. Also, it is found that practically the whole beam must 
be covered by the loads. In the case of two equal loads, such as the 
truck loading shown in the typical diagram of Fig. 125, p. 94, it will 
be found that one of the loads is to be placed at the moment center while 
the other load is to be placed on the longer of the two segments into 
which the beam is divided by the moment center. For two unequal 
loads—as, for example, the road roller shown in the typical diagram of 
Fig. 125, p. 94—a similar position of loads is to be used, except that the 
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heavier wheel is to be placed at the moment center. For these simple 
’ cases, it is generally not necessary to have recourse to the criterion. 

To determine which of a group of wheels answers for moment at a 
given point, place the loads on the structure so that it is practically 
covered by the loads, subject to the condition that one of the heavy 
loads shall be at the moment center. On substituting the proper values 
in the criterion of Eq. (33), it is possible to determine whether or not 
this wheel answers for maximum moment, as illustrated by the problems 
at the end of the preceding article. If the substitutions in the criterion 
result in two positive signs, the average load to the left of the moment 
center is less than the average load on the whole span. To equalize 
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conditions, the loads must be moved further to the left until some wheel 
is reached which will satisfy the criterion. If in any case substitution 
in the criterion results in two minus signs, a movement of the loads to the 
right is necessary before a wheel can be found which will answer the 
criterion. 

In some cases it will be found that several consecutive wheels will 
answer the criterion for maximum moment at a given point. To make 
certain that all possible wheels are discovered under which a maximum 
moment may occur, it is best to carry the work far enough to include all 
wheels which do answer and also locate a wheel on each side of this 
group for which the criterion is not satisfied. When several wheels 
satisfy the criterion for maximum moment, the maximum value is deter- 
mined by calculating the moment under the several wheels. On compar- 
ing the calculated values, the maximum is definitely determined. 

The determination of the wheel which answers the criterion for 
moment is greatly facilitated by the use of the diagrams given in Figs. - 
140, 141 and 142.1. The use of these diagrams will be illustrated by the 
solution of the following problem: Determine the wheel which gives 
maximum moment at the 20-ft. point in a beam 100 ft. long. Refer to 
Fig. 142 and find the 100-ft. span indicated on the vertical scale. On 
the horizontal scale locate the 20-ft. point. Through the points thus 
located project horizontal and vertical lines to an intersection. Note 
that these lines intersect in an area marked by the number four. 
This indicates that wheel 4 gives maximum moment at the 20-ft. point 
in a 100-ft. beam. 

While these diagrams were calculated for the load system of Table i 
p. 103, it will be found that they apply also to the load system of Table 2. 
From these diagrams it is possible to determine by inspection the wheel 
which gives maximum moment at any point in spans 10 ft. to 700 ft. 

A study of the diagrams of Figs. 140 to 142, inclusive, shows that for 
spans from about 70 to 165 ft., the moment at points between the quarter- 
point and the center of the beam is greater for points to the right of the 
beam center than for the corresponding points to the left of the center. 
Also, for certain spans between 45 and 85 ft. in length, moments at 
points near the ends of the beams are greatest when the wheels of the 
second locomotive reach the point in question. 


Illustrative Problem.—Calculate the maximum moment at 
point C of the beam of Fig. 143 for Cooper’s E-50 loading. 

Referring to Fig. 142 we find that wheel 4 should be placed 

Eh at point C to obtain maximum moment. If wheel 4 is at point C, 


wheel 16 will be 5 ft. from the right end of the beam. From either 
Table 1 or Table 2 


* These diagrams were devised by Prof. W. M. Scheurman, Professor of Civil 
Engineering, Vanderbilt University, and were published in part 8, vol. 12, Proceedings 
of the American Railway Engineering Association (Bull. 128). 
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16 16 
Ms = 2M+ {| ZW js 
i 1 


= 15,051.25 + (322.5)(5) = 16,663.75 


ki = 100 ~ 166.6375 


4 
M, = (R:)(20) — 5M 
it 


= (166.6375)(20) — 600 = 2,732.75 
or moment at c = 2,732,750 ft.-lb. 


Illustrative Problem.—Calculate the maximum moment at pojnt C of the beam 
shown in Fig. 144 due to Cooper’s E-50 loading. 

Using Table 1.—Referring to Fig. 140 we find that the greatest 4 
bending moment occurs under the uniform load and also that the ¢ 
uniform load should begin 142 ft. from the left end of the span 


50". 


or 158 ft. from the right end of the span. From Table 1 ne 
2 
Mp = 20,455 + (158)(355) + “ 
2 
= 20,455 + (158)(355) + 2>C°9”" = 107,750 
plies 
Ry = 355 = 359.17 
2 
M, = (R1)(150) — | 20,455 + (8)(355) + 
2 
= (359.17)(150) — | 20,455 + (8)(355) + 256" 
= 30,500.5 


or 
Moment at C = 30,500,500 ft.-lb. 


Using Table 2.—In Table 2 the uniform train load has been divided into concen- 
trated loads of 25,000 lb. Therefore in order to determine the position of loads for 
maximum moment the criterion of Eq. (33) must be used. Try wheel 19 atc. Note 
that wheel 34 is at the right end of the span. 

Wheel 19 to right of C, 


ll 
a 


ll 


a 1 
Gr — W 7305 — 355 


Wheel 19 to left of C, 


(Co ae Seu 
l 2 
Other positions were tried but none were found which would satisfy the criterion. 


34 
Ms = > M = 105,480 
1 


eon 
Ri = 399 = 351-60 


M, = (R:1)(150) — 22,230 = 30,510 


er 
Moment at C = 30,510,000 ft.-lb. 
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The difference between the values of moment obtained by the two tables is 9,500 
ft.-lb. or 0.03 per cent. This is well within the limits of accuracy necessary in work of 


this character. 


68d. Greatest Possible Moment in a Beam.—On comparing 
the maximum moments calculated at several points on a beam by the 
methods of the preceding article, it will be found that these maximum 
values for points near the center of the beam are larger than those for 
points near the ends of the beam. It will also be found that there is some 
point for which the moment is greater than for any other point on the 
beam. This moment is known as the greatest possible moment in the 
beam. It is also called the absolute maximum moment. The position of 
this moment center and the amount of the bending moment will now be ° 
determined. 

Since the maximum moment due to any set of loads occurs under one 
of the loads, let us assume that point C of Fig. 145, at a distance z from the 
left end of the beam, is the point of 
greatest possible moment, and that wheel 
P is located at the moment center. As- 
sume that the total load on the beam is 

ph ees G, and that the center of gravity of these 

~*~ loads is located at a distance « from the 

right end of the beam. Also assume W 

to represent the load in front of the 

moment center (P is included in W), and let b represent the distance 

from P to the center of gravity of loads W. Let c be the distance from 

G to P, a distance which can be calculated as soon as the load G is known. 
For the conditions shown in Fig. 145, the moment at C is, 


Fie. 145. 


M. =G>2—Wb (35) 
Since x and z are the only variables in Eq. (35) it ean readily be seen that 
a maximum value for M is given when the product xz is a maximum. 
From Fig. 145 we note thatat+z=I1—c. Butl— c, and hence also 
x + zis a constant for any given set of loads. Therefore, it can be shown 
by the Calculus that the product wz is a maximum when x = gz. Hence, 
for a maximum value of M in Eq. (35), the wheel under which the maximum 
moment occurs and the center of gravity of all of the loads must be located at 
equal distances from the ends of the beam. From Fig. 145 it can be seen 
» that this requires the center of the beam to be placed midway between the 
wheel under which the moment occurs and the center of gravity of the 
/ loads. Placing x = z in Eq. (35), we have 


Mage Ae = — Wb (36) 
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Equation (36) is general in form and may be applied to any set of loads 
on a simple beam. 

In determining the maximum possible moment in a beam for a given 
set of loads, it is usually necessary to calculate the maximum value for 
several wheels. On comparing these maximum values, the amount and 
position of the absolute maximum moment is readily determined. A few 
of the more important general cases will now be worked out in detail. 

Two Equal Loads.—When the applied loads consist of two equal loads 
spaced at a given distance apart, formulas are readily derived for the 
value of the greatest possible moment. As stated above, the wheel under 
which the moment is to be determined and the center of gravity of the 
two loads are to be placed equidistant from the beam center. Let us 
calculate the moment under the left-hand wheel. Since the loads are 
equal, the center of gravity is midway between the two loads. To con- 
form to the above rule for position of loads for greatest possible moment, 
the loads are to be placed as shown in Fig. 146. For this position of the 
loads, the moment under the left-hand wheel is 


ees, 2P(l_ dy, 
= cape ie aber 37 
a ki (5 i) (3 4) G2 
It can readily be shown that the absolute maximum moment under the 


right-hand wheel is the same as given by Eq. (37). 


CF. % loads 


Fic. 146. 


In the case of beams whose length is somewhat less than twice the 
distance between wheel loads, it will be found that a single load placed 
at the beam center, as shown in Fig. 1466, will give a greater moment 
than calculated by Eq. (37). To determine the span length for which the 
loading conditions of Figs. 146a and b give equal moments, equate the 
moment given by Eq. (37) to the moment due to a load P at the span 
center, and solve for 1, the limiting span length. The moment at the 
span center due to a single load P placed as shown in Fig. 1460 is 4Pil. 
Solving the resulting equation, we have 

d 


bio eto 


= 1.7065d (38) 
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Therefore, when the span is shorter than 1.7065 times the distance 
between the loads, a single load P placed at the beam center gives a 
greater moment than the two loads placed as for absolute maximum 
moment. The value of the maximum moment is M = 144Pl. When the 
span is equal to 1.7065 times the distance between wheels, either Hq. (37) 
or the formula M = 14P1 will give the maximum moment. When the 
span is greater than 1.7065 times the distance between loads, Eq. (87) 
must be used. 


Illustrative Problem.—Calculate the absolute maximum moment in a simple beam 

20 ft. long due to two equal concentrated loads of 20,000 Ib. each spaced 8 ft. apart. 
Since the span of the beam is greater than the limit- 
ing span of (1.7065) (8) = 13.65 ft., as given by Eq. (88), 
the absolute maximum moment may be determined by 
meansof Eq. (37). Asstated above, the absolute max- 
: imum moments under the two wheels are equal. Con- 
Sr eo gu sider the case of the left-hand wheel. - Since the loads 
Fie. 147. are equal the center of gravity is located midway be- 
tween the two loads. Figure 147 shows the loads in 
position for absolute maximum moment. From Eq. (37) with P = 20,000 lb. 3d = 

8 ft.; and J = 20 ft.; we have 


BF 40,900 
= eee a eM ips 2L 
£0,200 a Eee 


—O_y _O 


ite = 220,000) (10 — 2)? = 128,000 ft.-lb. 


The absolute maximum moment may also be calculated directly from Fig. 147. For 
the conditions shown, the moment under the left-hand wheel is (R;) (8), and Ry = 
(40,000) (820) = 16,000 lb. Hence, as before, the absolute maximum moment is 
M = (16,000)(8) = 128,000 ft.-lb. Note from Fig. 147 that the absolute maximum 
moment occurs at a point 2 ft. to the left of the beam center. It will be found that for 
absolute maximum moment under the right-hand wheel, this wheel is to be placed 2 ft. 
to the right of the beam center, and the moment under the wheel in this position is, as 
before, 128,000 ft.-Ib 


P+R 


Center i ae 
of gravity i 


(a) (b) 
Fia. 148. 


Two Unequal Loads.—The case of two unequal loads, representing 
a road roller or tractor, may be treated in a similar manner. It will be 
found that the greater moment will occur under the larger load. There- 
fore only this case will be considered. 


Sec. 1-68d] : GENERAL THEORY ; 119 


The distance from the center of gravity of the group to the heavier 
wheel, P2 of Fig. 148a, as determined from moments about Pz is 


Z=5-— 5 d (39) 


Placing the heavier wheel to the left, with P. and the center of gravity 
equal distances from the beam center, which is the position required for 
absolute maximum moment, we have the loading conditions shown in 
Fig. 1486. Taking moments about P2, 


a Py = P» =\ 2 
Substituting the above value of @, 
(PROP 7 Sheu Pees 
as a ('- py e,4) a) 


Equation (40) gives the amount of the absolute maximum moment, and 
Fig. 1480 shows the position of the critical wheel. Note that when P; = 
P2, or for equal loads, Eq. (40) may be reduced to the form of Eq. (37). 
The limiting span for equal moments for a single load equal to the 
heavier load P2 placed at the span center and for the two loads of Fig.148a 
is found by equating 14P2] and M, of Eq. (40). This limiting span is 
Tes 
Pi + Pz» 


ia seeps 


Illustrative Problem.—Calculate the absolute maximum moment in a 20-ft. beam 
due to the loads shown in Fig. 149(a). 


(41) 


1 ; 
30,000 be Sees 
20,000 


20,000/b. 


/0,000/b. 10,000 


(a) 


As stated above, the greatest moment occurs under the heavier wheel. From Eq. 


10 : 
(39), the center of gravity is located at a distance x = Gr 3: 0) = 2ft. in front 
of wheel 2. Figures 149(b) and (c) show two possible positions of the loads for 
absolute maximum moment. From Eq. (40), we have 


10,000 + 20,000 [,, _ _(10,000)(6) A 2 
ae (20) 10,000 + 20,000 
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from which 
M = (875)(18)2 = 121,500 ft.-lb. 


The same result may be obtained directly from Figs. 149(b) and (c). Thus from Fig, 
(b), M = (R1)(9), and Ri = (80,000)(249). Therefore, 


Me (30,000) (55) = 121,500 ft.-Lb. 


Again, from Fig. (c), M =(R:) (11) —(10,000)(6), and Ri = (30,000)(1449). 
Therefore, 
2 
M = (30,000) (Gr) — 60,000 = 181,500 — 60,000 = 121,500 ft.-Ib. 


Note that the load position of Fig. (b) leads to simpler moment equations than the 
one of Fig. (c). 


Engine Loading.—The absolute maximum moment under engine load- 
ing will be found to occur at a point near the center of the beam. To 
determine this moment and the wheel under which it occurs, a cut and 
try process must be used. The absolute maximum moment must be 
determined for several wheels and the values compared. 

Experience has shown that the wheel under which the absolute maxi- 
mum moment occurs is usually the one which answers for maximum 
moment at the center of the beam. By locating the wheel or wheels which 
satisfy the criterion of Eq. (33), stated for maximum moment at the 
beam center, the work may be greatly 
shortened by applying the conditions for 
an absolute maximum moment only to 
these wheels. 

On p. 142 is given a table of absolute 
maximum moment due to K-50 loading 
for beams from 10 to 250 ft. span length. 


ike, as{0). 


Illustrative Problem.—Calculate the absolute 
maximum moment in a 40-ft. beam for Cooper’s E-50 loading. 
First, we shall find the wheel which satisfies the criterion of Eq. (33) for maximum 
moment at the beam center, point C, Fig. 150. Try wheel 4 atc. 
Wheel 4 just to right of C, 


Gy - Ww 


2 (145)( 5) 625 ee 
Wheel 4 just to left of C, 
a —W 
¥ 20 
= 145)( 2 — 87.5 = — 


Wheel 4 was found to be the only wheel which satisfied the criterion. 


: 4, 
The distance from the center of gravity of the loads to wheel 7 equals 2 M divided 
1 


Sy = 2,693.75 
by me = ry = 18.58 ft. Wheel 4 is 19ft. from wheel 7. For absolute maxi- 
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mum moment wheel 4 should be Ba 7 18:05 = 0.21 ft. to the left of C, or 19.79 
ft. from the left end of the girder. Wheel 7 is then 1.21 ft. from the right end of the 


girder. 


7 ih 
Msp = >M+ (2) 1.21 

iL 1 
= 2,693.75 + (145)(1.21) = 2,869.20 
_ Mz _ 2,869.20 


Ry “40. = 40 = TNS 
4 
M Max. = (R,)(19.79) — 2M 
1 
= (71.73)(19.79) — 600 = 819.54 
or 
M Max. = 819,540 ft.-lb. 


The absolute maximum moment may also be determined by direct substitution 
in Eq. (86). With G = 145; 2 = 19.79; 1 =40; and W, = 600, we have 
_ (145) (19.79)? 


40 — 600 = 819.54 


: M Max. 
68e. Position of Loads for Maximum Moment at Any Point 
in a Girder with Floorbeams.—Two cases will be considered: (1) moment 


center at a floorbeam, and (2) C 

moment center between floor- 

beams. The latter case is im- me | 

portant in certain forms of 

trusses (see Art. 2c, p. 225) 
Moment Center at a Floor- 

beam.—Assume the loads on a 

girder with floorbeams to be 

distributed as shown in Fig. 

151. In Art. 65c it was shown that the moment at C due to any given 

loading is not affected by the presence of floorbeams. It is therefore evi- 

dent that the criterion for position of loads for maximum at a floorbeam 

is the same as for a corresponding point on a similar girder without 

floorbeams. Hence the criterion of Eq. (33) 

applies also to the conditions shown in Fig. 


151. 
~ 2 _paiels Ole -G0_ _ Illustrative Problem.—Find the position of loads 


for maximum moment at point C of the girder of 
Fig. 152. 

Referring to Fig. 142 we find that wheel 3 should be used. 

When substituting values of a and 1 in Eq. (33), the panel length instead of the foot 
will be used as the unit of length. In a great many problems the work can be 
simplifed by this means. Substituting in Eq. (33) with wheel 3 just to the right of C. 


Ri@. 151. 


G 
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G4 w= (265)( 5) ey hee 
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Wheel 3 just to left of C, 
G5 — W = (265) G) — 62.5 = — 


By methods similar to those given in preceding problems we find that the moment 
at C = 1,788,500 ft.-lb. 


Moment Center at a Point between Floorbeams.—Assume that the given 
moment center is located at a distance a from the left support and at a 
distance c from the left end of the panel containing the given moment 
center. Let G represent the total load on the span; let W» represent the 
load in the panel containing the moment center; and let W, represent the 
remaining loads to the left of the moment center. Figure 153 shows 


Fig. 153. 


the several load groups. On this figure are shown the distances from 
the centers of gravity of the several load groups to convenient reference 
points. 

For the conditions shown in Fig. 153, the moment at C is, 


Vee 


7a — Wie — Wee c (42) 


; : b , 
In this equation, the term Wa ie represents the negative moment due to 


the loads W2 in panel DE. It can be seen to be equal to the panel reac- 
tion at D for the loads W. multiplied by the distance from the moment 
center C to point D. 

Now assume that the loads move a small distance A to the left. 
If M,’ represent the new value of the moment at C, we have 


M; = gets a= Wilceae w.(° as *) : (43) 
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The change in moment due to the forward motion of the loads, which 
will be denoted by m, may be determined by subtracting Eq. (42) from 
Eq. (48), from which 


m = [ar Be (7, ae 25) Ja (44) 


By an analysis similar to the one given in Art. 68) for the derivation 
of Eq. (33), it can be shown that for maximum moment, the loads must 
be so located that 


af —(WitW.5) =0 (45) 


Equation (45) is the criterion for position of loads for maximum moment 
at a moment center located between panel points in a girder with floor- ~ 


OO 
beams. Note that Waa is the proportional part of the load carried 


by that part of the panel which is to the left of the moment center. 
Therefore, as before, the maxi- 
mum moment at a moment cen- 
ter between panel points occurs 
when the average load to the 
left of the. moment center is 


equal to the average load on the ‘I 2 Ie iP 

whole span. pS secels are oc ae 
The criterion of Eq. (45)may 4&@ 4750.22 (a) ‘I 

be made to pass through a zero ae. | 

value, or to change from a posi- | Ap | 

tive to a negative value, only | e i Moment Diagrars. 

when some load crosses points i ae (e) 

D or E. This statement is ens 

readily proved by an analysis Fie. 154. 

similar to the one given in Art. 

68). 


Illustrative Problem.—Find the position of loads for maximum moment at point 


C of the girder of Fig. 154. 
A position of loads such that wheel 3 was located at D was the only one which 


would satisfy the criterion of Eq. (45). Fig, 154a shows the position of the loads. 
Wheel 3 to right of D, 


Gs rn (W, Ms W:2) = (290)(=") = [ 37.5 4+ (75) | mite 
Whee! 3 to left of D, 
Ge = (7, + W:°) = (306.25) (=) = [ 62.5 + (50) ; | ae 


t C may be determined by direct substitution in Eq. (42). For 
several terms of Eq. (42) have the following 
;c = 5ft.;d = 15 ft.; e = 12.67 


The moment a : 
the load position shown in Fig. 154a the 
values; W; = 37.5; Wz = 75; a = 20{t.; 6 = 10 ft. 
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ft.; and ae = R, = 150.22. This value of R, is calculated by the methods given in 


the preceding articles. Then from Eq. (42) 


5) (10) (5 | 
M, = (150.22)(20) — (37.5) (12.67) u ee ) — 2,979.4 thousand ft-lb. 


Figure 154b shows the moment diagram drawn for the loads shown in position 
on Fig. 154a. The moment at C may be determined from the moment diagram of 
Fig. 154b in the following manner: As shown in Art. 65c the moment diagram con- 
sists of straight lines between panel points. It is therefore evident from Fig. 1546 
that 


c 
Me = My + (My — M»)3 
For the load position shown, Mp = 1,965.8 and My = 2,906.7. These moments 
* are calculated by the methods given in the preceding articles. Then, 
Me, = 1,965.8 + (2,906.7 — 1,965.8)14 = 2,279.4 thousand ft.-lb. 


68f. Position of Loads for Maximum Shear in a Beam 
without Floorbeams. Shear at Any Point—The shear at point C, 


Fie. 155. 


Fig. 155(a), assuming that load P, is placed a very small distance to 
the right of C, is 


Vie = Rag We Gey (46) 


If the loads be moved a small distance to the left, P: crosses point C 
and must then be included in the load W. The shear at C then becomes 


Vie Gs See (47) 


It is assumed here that the forward motion has been too small to have 
any effect on the value of z. Hence the shear has been reduced by the 
amount of the load which crossed point C. Any further movement of the 
loads will cause an increase in the value of x and therefore in the value 


of R, =Gr. . This increase in R, will continue until load P2 moves to a 


position just to the right of point C, as shown in Fig. 155(b). Assuming 
that the load group G remains unchanged during the forward movement 
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of the loads, and that the distance between wheels P; and P» is b, the 
shear at C for the conditions shown in Fig. 155(b) is 


ver =GEt9 _ +P, (48) 


The difference in the shear at point C for the loading conditions shown 
in Figs. 155(a) and 155(b) may be found by subtracting Eq. (46) from Eq. 
(48). If v denotes this difference, we have 


v=G7-Pi (49) 


From the definition for shear, and from the statement of Eqs. (46) to 
: One : ; 
(49), it can be seen that Gy is the change in the left reaction due to © 


the forward motion of the loads, and that P; is the load which crosses the 
point at which the shear is desired. Hence Kq. (49) is a statement of the 
relative changes in left reaction and in load to the left of the section due 
to a forward motion of the load group G. Therefore, in order that the 
loading conditions shown in Fig. 155(b) may give a greater shear than the 
loads shown in Fig. 155(a), the change in FR; for the forward movement of 
the loads must exceed P:, the load which crossed point C. This condi- 
tion is indicated by a positive sign in Eq. (49). A negative sign in Eq. 
(49) indicates that the loading condition of Fig. 155(a) gives a greater 
shear than the load position of Fig. 155(0). 

To determine which wheel of a set of concentrated loads will give 
maximum shear at any point, assume some one of the wheels to be 
placed at the given point, and by means of Eq. (49) determine whether 
the following wheel gives a greater or smaller shear. If it gives a greater 
shear (positive sign in Eq. (49)), move the loads forward until this wheel 
reaches the point at which the shear is desired. Then repeat the opera- 
tion, until finally a negative sign is given by Eq. (49). The last wheel 
which gave a positive sign is the wheel which will give maximum shear. 
Had a minus sign occurred on the first substitution in Eq. (49), evidently 
the loads should be moved to the right until a positive sign resulted. 

The above discussion assumes that the load group G does not change 
during the forward movement of the loads through a distance equal to the 
spacing of the two loads under comparison. However, the total load 
usually changes, new wheels coming on the span. To take this into 
account, two values of G must be substituted in Eq. (49); one for P: at 
point C of Fig. 155(a), and the other for wheel P, at C of Fig. 155(b). A 
general rule which will provide for all cases may be stated as follows: 
The total load G is to be taken as the load which in moving forward causes 
an increase in the left reaction. 

Equation (49) offers a means of determining which of two consecutive 


wheels gives the greater shear at a given point, but it does not give 


—y, 
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any idea of the wheel with which to start. However, it can be seen 
from Eq. (46) that for maximum positive shear, R; must be as great 
as possible and W must be as small as possible. For the usual engine 
loadings this result may be obtained by placing the light pilot wheel 
in front of the point at which the shear is desired and placing the first 
of the heavy drive wheels just to the right of the point at which the shear 
is desired. 

The table on p. 142, gives values of the shear at the one-fourth and 
center points of beams varying in span from 
10 to 250 ft. 


Illustrative Problem.—Find the position of loads 
for maximum positive shear at point C of the beam 
Fie. 156. of Fig. 156 for Cooper’s E-50 loading. Determine 
the amount of the maximum shear. 
Consider the relative shears with wheel 1 and wheel 2 at C. The value of @ 
changes from 177.5 to 190 as wheel 10 comes on the span. 


Cle pas 177.5)( 55) - 12 eee 


l 
(190) (869) — 12.5 = + 


Consider the relative shears with wheel 2 and wheel 3at C. The value of G@ changes 
from 190 to 177.5 as wheel 1 passes off the span. 


b Py 5 o 
Ce, ee (190) (5 EEDA IES 


= (177.5)( 55) ssp 


Therefore wheel 2 should be placed at point C for maximum positive shear. 
The maximum shear is equal to the left reaction R, minus the load on wheel 1. 


5,790 + (2)(190 
Ry aes ex NE 62 800 


Shear = 102,800 — 12,500 = 90,300 lb. 


Shear at End of Beam.—The conditions for shear at the end of a beam 
are as shown in Fig. 157. The maximum 
positive shear in the beam of Fig. 157 
occurs at point A, and its value is 


Vi =R =GF (50) , 
In order that V4 shall have a maximum 
value, the product Gz must bea maximum. 
To make G, the total load, amaximum, the 
heavy drive wheels should be included in the total load on the beam, and 
to give z, the distance from the right end of the beam to the center of 
gravity of G, a maximum value, evidently the heavy drive wheels should 
be placed as close to the left end of the beam as possible. This leads to 
cut and try methods in the determination of the maximum end shear. 


Fie. 157. 
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It will be found by trial, that, for all cases except those to be men- 
tioned later, the maximum end shear occurs at the left end of the beam 
when the first driver is placed at the end of the beam, as shown in Fig. 
158. The shear at A is positive and equal to the left reaction. Excep- 
tions to the above rule are found to occur for the conditions shown in Fig. 
159. In this case the shear at the right support will be found to be greater 
than for the conditions shown in Fig. 158. This will be found to occur in 
beams of spans between 23 and 2714 ft. 

The shear at point B of Fig. 159 is negative. But since the area 
required to resist shearing stresses is determined by the amount of the shear, 
the character (positive or negative) not entering, it is necessary to deter- 
mine the actual numerical maximum. However, the difference in shear 
for point A of Fig. 158 and point B of Fig. 159 is so small that it is gener- 
ally not considered necessary to enter into these refinements in calcula- 


(EONONONG) 


& fe 


Fie. 158. Faia. 159. 


tion in a practical problem. It is mentioned here only as a matter of 
interest. Similar conditions also hold for shear at points a short distance 
from the ends of a beam. Since these shears do not in general determine 
the sectional area required, this case was not mentioned in the discussion 
relative to Fig. 155. 

A direct comparison method similar to the one used in deriving Eq. 
(49) for shear at any point may also be used for the determination of the 
wheel which answers for maximum end shear. Assume wheel P; of Fig. 
157 to be placed just to the right of point A. Then, as in Eq. (50) 

& 
l 
As soon as the loads are moved a short distance to the left, P: passes off 
the span and V, is reduced by the amount of load Pi. We then have 


— P, 


Va =hiH¢ 


wo 
l 
Now assume that the loads move forward a distance b until Pz reaches a 
point just to the right of A. The shear at A is then 
(x . b) a By 


V,/=R, —Pi =G 


WPS Tg el =G 


The change in end shear, which will be denoted by 2, is 


y=) —Pi 
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Note that this expression -is exactly the same as Eq. (49). As before, 
G is the load which in moving forward causes an increase in the left 
reaction, and P, is the load which passes off the span at the beginning of 
the forwurd motion. Since P, passes off the span at the beginning of the 
forward motion, it is not to be included in the value of G. 

As before, a positive sign in the above equation indicates that P», 
gives a greater end shear at A than is given by P;. It will be found on 
comparing shears by means of the above equation, that the first driver 
gives maximum shear at the end of the beam. This statement is subject 
to the same conditions as given for Figs. 158 and 159. 

The table on p. 142, gives values of the end shear for beams varying 
in span from 10 to 250 ft. 


Illustrative Problem.—Find the position of loads for maximum positive shear at 
point A of the beam of Fig. 160 for Cooper’s E-50 
loading. 


aw 
ae Consider the relative shears with wheel 1 and 

wheel 2 at A. The value of @ changes from 
Fie. 160. 132.5 to 148.75 as wheel 8 comes on the span, 
wheel 1 being off in both cases. 


G?-P, = 132.5)( 5) Soe 
(148.75)(3) — 125 = + 


Consider the relative shears with wheel 2 and wheel 3 at A. The value of G 
remains constant at 140 for wheel 2 passes off the span as soon as the forward motion 
begins. 


b 7 5 
G? -P, = (140) 5st 


Therefore wheel 2 should be placed at A for maximum positive shear. The shear 
at A is equal to the left reaction Ri, 


9 
We te ey 
B 2 ; a 
Ri = Ge = to = 9425 


or the shear is 94,250 lb. 


689. Position of Loads for Maximum Shear in any Panel 
of a Girder with Floorbeams.—The position of loads for maximum shear 
in any panel of a girder with floorbeams will be determined for the condi- 
tions shown in Fig. 161. Let CD be the panel in which the shear is to be 
determined. Assume that the total load is G, and that it covers the 
entire span. Let the load in panel CD be denoted by W> and let the load 
to the left of panel CD be denoted by W;. For the conditions shown, 


Veo = Ri — Wi — Panel load at C due to W, 
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or 


a c 
Veo =G; a (Wr: + W:5) (51) 
Assume that the loads move a small distance A to the left, no load passing 
points A, B,C, or D. For the new position of the loads, the shear in CD 
is 


; TaN A ; 
Veo =GEts = [™ os Hee (52) 


The change in shear due to the forward motion of the loads may be deter- 
mined by subtracting Eq, (51) from Eq. (52). If » denotes this difference 


in shear, we have 
G Ws 
v=(;-a)4 ) 


A positive value from Eq. (53) for a movement of the loads to the left 
indicates an increasing value of the shear in panel CD, while a negative 
value indicates a decreasing shear. For a maximum value of the shear— 
that is, a value which is neither increasing or decreasing—Kq. (53) gives 
a zero value. The relations between loads and distances are then given by 
the equation 


ays 
cao 


| Q 


That is, for maximum shear in panel CD, the average load per unit of 
length for the whole span must be equal to the average load per unit of 
length in the panel in question. A somewhat more convenient form for 
this criterion is 

ag — W,=0 (54) 
In most cases the panels are of equal length. Let n be the number of 
equal panels of length d composing the span—that is, 1 = nd. Substi- 
tuting this value of | in Hq. (54), we have, 


C_ Ww, =0 (55) 


Hence, for equal panels, the maximum shear in any panel occurs when 
the average panel load for the whole span is equal to the load in the panel 
in question. 

The loading conditions shown in Fig. 161 represent a general case. 
From Art. 66a, p. 85, it can be seen that loads W will cause negative 
shear in panel CD. If positive shear is in question, evidently no load 
should be placed to the left of panel CD. The term W in the preceding 
analysis then becomes zero. It can readily be seen that this will have no 

9 
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effect on the final form of the criteria of Eqs. (54) and (55). However, 
it is possible in trusses with very short panels or for unusual engine load- 
ings that some of the loads may extend to the left of the panel in question. 
For this reason the criterion was derived for the general case. Ordinarily 
there will be no load to the left of the panel in question. 

The criteria of Eqs. (54) and (55) may be satisfied exactly by a uni- 
form load. Referring to Fig. 120 of Art. 66b, the distance 2, in order to 
conform to the criterion of Eq. (55), and to Eq. (54), must be such that 


ad : 
w:d::a + 2:1. Solving this proportion for xz, we have, x = ame This 


is the same as the value of x given in Art. 66a. Hence the criterion of 
Eq. (55) and the analysis of Art. 66b lead to the same load position for a 
uniform load. 

In the case of concentrated load systems it is not possible to satisfy 
exactly the criterion of Eq. (55). However, as in the case of the moment 


Fie, 1612 


criterion, the sign of the criterion for shear may be made to pass through 
a zero value. By an analysis similar to that given in Art. 68) in the deriva- 
tion of Eq. (33), it can be shown that the criterion may be made to pass 
through a zero value when some load passes point D of Fig. 161. Thus 
when the load is considered as to the right of D, substitution in Eq. (55) 
will give a positive value, and when the load is considered to the left of D, 
a negative value results. An application of the criterion is given in the 
problem at the end of this article. 

In general the criterion is answered by the wheels near the head of the 
engine loading. For panels near the left end of the beam, the loads 
should cover practically the whole panel. For panels near the center of 
the beam, the load in the panel in question must be reduced, since the 
average panel load on the whole beam must be equal to the load in the 
panel in question. This can be done by using wheels near the head of 
the engine. 

Load positions for negative shear in any panel may also be determined 
by means of the criterion of Eq. (55) This can be done by considering 
the loads as headed and moving to the right instead of to the left, as in 
the preceding analysis.. Considering forces to the right of any panel, 
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we have negative shear conditions. This same result may also be 
obtained by means of the reciprocal relation existing between positive and 
negative shears at corresponding distances from the ends of the beam to 
which attention was called in Art. 660—that is, positive shears may be 
calculated for all panels inthe girder. Then the negative shear in the third 
panel from the left end of the girder will be equal to positive shear in the 
third panel from the right end of the girder. 

The maximum end reaction for a girder is calculated by the same 
methods as used in Art. 68f for shear at the end of a beam without floor- 
beams. As before, the first heavy drive wheel placed at the left end of 
the girder will give the maximum end shear, 


which will be equal to the left reaction. B 


Illustrative Problem.—Find the position of loads 
for maximum positive shear in panel CD of the girder 
of Fig. 162 for Cooper’s E-50 loading. Calculate the 
resulting maximum shear. Use the criterion of Eq. Fre. 162. 
(55). 


nu 


Wheel 2 at right of D 


i 
A 

| 
— 
~ 
On 

I] 


+ 


| 
ow 
a 
on 
| 

| 


Wheel 3 at right of D 


Wheels 1 and 3 were also tried,-but they did not satisfy the criterion. 

Therefore for maximum positive shear in panel C'D, wheel 2 should be placed at D. 
The shear in panel CD=left reaction, R1, minus joint load at C due to loads in 
panel CD. With wheel 2 at D, wheel 9 is 2 ft. to the left of B. Hence Rh, = 


[4,370 + (177.5) (2)] 5 — 67.5. With wheel 2 at D, wheel 1 is the only load in 


100 _ 


panel CD. Hence joint load at C due to wheel 1 = aes 7.1. Therefore, shear 


in panel CD = 67.5 — 7.1 = 60.4, that is, 60,400 lb. 


68h. Equivalent Uniform Loads.—On comparing the meth- 
ods for calculating moments due to concentrated and uniform load 
systems given in the preceding articles, it will be noted that the former 
method is more complicated and requires considerably more time than the 
latter method. When the same system of concentrated loads is to be used 
in the design of a great many structures it is possible to save considerable 
time by substituting for the concentrated load system a uniform load sys- 
tem which will give the same result. Such a uniform load system is 
known as an Equivalent Uniform Load. 
To determine the uniform load which will give the same moment as 
a concentrated load system, let M = moment at any point due to the 
concentrated load system. From Eq. (6), p. 65, the moment at any 
point in a beam due to uniform loading is 


M = Ywe(l — 2) 
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where x = distance from end of beam to moment center; 1 = span of. 
beam, and w = uniform load per foot. Equating the above equation 
to the calculated value of moment due to concentrated loads, the equiva- 
lent uniform load is found to be 
2M 

~ a(l — 2) (1) 

By means of Eq. (1) the equivalent uniform load for moment at the 
Voth, 2{oths, 3{oths, 4{oths and center points of beams of spans from 
40 to 500 ft. have been calculated. These values are plotted to form 
the diagram of Fig. 163.1. The values of M substituted in Eq. (1) were 
calculated for Cooper’s E-50 loading by the methods given in Art. 686. 


Illustrative Problem.—Calculate the moment at a point 40 ft. from the left end 
of a beam 120 ft. long. Use the equivalent uniform load given by Fig. 163. 

The moment center is located at the 4%29 = 14 point of the beam. From Fig. 
163, the equivalent uniform load for the 14 point of a 120-ft. beam is 3,280 lb. per ft. 
Hence 


WwW 


| M = Fx — 2) = (5) ,280)(40)(120 — 40) 
= 5,248,000 ft.-lb. 
The exact moment calculated from Table I, p. 103, is 5,255,000 ft.-lb. (See p. 224, 
calculation of moment for stress in member bc.) 

The equivalent uniform loads given by Eq. (1) and Fig. 163 may 
also be used for the determination of shears in the panels of a truss. 
However, it is necessary to determine by trial the proper method of 
selecting the equivalent uniform load for any given structure. It will 
be found that reasonably accurate results are 
obtained by using the conventional method of , 
shear calculation (p. 91) and an equivalent 
uniform load determined as for moment at the 
right end of the panel in question. Somewhat more accurate results may 
be obtained by using the exact method of shear calculation (p. 90) and 
an equivalent uniform load determined for the loaded length of the span, 
as given by Eq. (16), p. 85. 

Illustrative Problem.—Calculate the shear in panel BC of Fig. 164 using equivalent 


uniform loads as given by Fig. 163. 

Using the conventional method of shear calculation, the uniform load is deter- 
mined as for point C, the 14 point of a 120-ft. beam. From Fig. 163, w = 3,280 lb. 
per ft. Panel load = (20) (3,280) = 65,600 lb. Shear in panel BC = R, for loads 


at C to F = 


Fie. 164. 


se (1 +243 +44) = 109,200 Ib. 


Using the exact method of shear calculation, the loaded length of span must first 
be determined. From Eq. (16), p. 85, the uniform load extends 
ad (80)(20) 
_— = —\—__*—_ = 16 ft. 
fies CU o0) ce 
into panel BC. Hence the total loaded length is 80 + 16 = 96 ft. The equivalent 
1 From “Modern Framed Structures,” part I, p. 251, 
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Substituting this value of win Eq. (22), p. 90, the resulting shear 


uniform load is to be determined for the 16-ft. point in a 96-ft. beam. From Fig. 163, 


w = 3,460 lb. per ft. 


is 


= (4)@,460)80)" _ 110, 7001b. 


a? 
OT) 
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(120 — 20) 


Wvelernt uri fort load position 
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Fh ia shear at any poirt 
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Fie. 165. 


Length of Jpar in Feet 
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£0 30 4oO 


The exact shear due to E-50 loadin 


lation for shear in panel BC.) 


(See p. 229, calcu- 


g is found to be 111,055 lb. 


Figure 165 shows equivalent uniform loads for shears in 


These curves were obtained from the equation 


a beam without floorbeams. 


2Vl 
@ — a)? 


wo = 
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This equation was derived by equating V, the shear due to any concentrated load 
system and Eq. (19), p.87. In the above equation, w = equivalent uniform load for 
shear, 1 = span, and x = distance from left end of beam to point at which the shear 
is required. In Fig. 165, values of V due to E-50 loading were calculated for the end, 
14 point, and center point of spans varying from 10 to 100 ft. 

Illustrative Problem.—Calculate the shear at the 10-ft. point in a 60-ft. beam (see 
Fig. 156, p. 126), using the equivalent uniform load given by Fig. 165. 

From Fig. 165 by interpolation, the equivalent uniform load for the point is 
4,320 lb. per ft. From Eq. (19), p. 87, 

_ (4,320)(50)" 
(2)(60) 


The exact value of the shear due to E-50 loading, as calculated on p. 126 is 90,300 lb. 


= 90,000 Ib. 


In all of the above problems it will be noted that the results cal- 
culated by equivalent uniform load methods differ only by a very small 
percentage from those calculated by the more exact wheel load method. 
Although the equivalent uniform loads of Fig. 163 were derived for 
simple beam conditions, it is often found possible to use them in the 
analysis of more complicated structures such as swing bridges, arches 
and double intersection structures. 

Other equivalent uniform load systems which have been used to a 
considerable extent consist of a uniform load and certain excess loads 
which are intended to represent the effect of the heavy drive wheels 
of a locomotive. One system makes use of two excess loads spaced 
50 ft. apart. Another system uses a single excess load. In both systems 
the concentrated loads are assumed as rolling on top of the uniform load, 
and are so placed as to give maximum moment or shear. The uniform 
load is generally taken equal to the assumed train loading and the 
concentrated loads are determined by trial so that the resulting moments 
and shears are equal to those given by the concentrated load system which 
they replace. 

69. Moments and Shears Due to Combined Loading.—The loads 
carried by any structure consist of the fixed load due to its weight and the 
moving loads due to the service conditions for which the structure is 
designed. Hence the moments and shears used in designing the parts of 
the structure must be calculated for a combination of the dead and live 
load. These values of moments and shears are called combined moments 
and combined shears. To determine these combined moments and shears, 
values for dead and live loads may be calculated separately by the 
methods given in the preceding articles. 

Moments calculated for dead and live load are always positive. Hence 
the combined moment is also positive and is equal to the sum of the dead 
and live load moments. For example, let Fig. 166 show a beam sup- 
porting uniform loads due to dead and live load. Ordinate fe represents 
the calculated dead load moment at any point and ordinate fg represents 
the live load moment at the same point. The sum of these ordinates, as 
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represented by ge is then the combined moment due to both loads. Simi- 
lar methods may be used when the live load consists of a concentrated 
load system. ae 
The shear in a beam due to live load may be either positive or nega- 
tive, depending upon the position 
of the live load. To determine 
pe combined shear, the dead load 
“Dead load shear must be combined with posi- 
Gey gare teat nee tive live load shear or with nega- 
a tive live load shear. Since the 
A aS live load positive and negative 
Bie ¢ Olive load rroment Shears are due to different loading 
ak Vead lead momen? conditions it is evident that sepa- 
Fra. 166. rate combinations must be made 
for positive and negative live load 
shears. Dead load shear must be included in all combinations for it is 
present on the structure at all times. 
As an example of combined shears, consider a simple beam supporting 
a dead and live load both of which are uniform per foot. Figure 167) 
shows the dead load shear diagram; Fig. 167¢ shows the maximum positive | 


Live load 
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Shear Diagram 
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Max.Positive Live Load 
Shear Diagram 


Max.Negative Live Load 
Shear Diagram 


Combined Shear Diagram 


Kies 167. 


live load shear diagram; and Fig. 167d shows the maximum negative live 
load shear diagram. These diagrams are constructed by the methods 
given in the preceding articles. The combined shear diagram for dead 
load and positive live load shears is shown by the line CHE of Fig. 
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167e. Combined dead load and negative live load shears are shown by 
the line DGF. Note that the combined shear from A to G of Fig. 167e is 
always positive; from H to B, the combined shear is always negative; and 
from G to H, the combined shear may be either positive or negative. 


Illustrative Problem.—Calculate the combined moments and combined shears at 
points 5 ft. apart on a simple beam of 30-ft. span due to a uniform dead load of 1,000 
lb. per ft. and a moving uniform live load of 3,000 lb. per ft. 

Combined Moments.—Dead and live load moments may be calculated by means of 
Eq. (6), Art. 65a. The necessary calculations are given in the table below. Figure 
167a shows the beam under consideration. 


TasiEe 1.—ComBineD MomeEnts 


: Dead load | Live load | Combined 
Section fp (i — x) x(l — =x) 
moment moment moment 
0 0 30 0 0 0 0 
1 5 25 125 62,500 187 , 500 250, 000 
> 10 20 200 100 , 000 300,000 | 400,000 
3 15 15 225 112,500 337 , 500 450,000 


nD I Pee ee ee ee 


Symmetrical about center of beam 

Moments given in foot pounds 

Combined Shears.—Dead load shears may be calculated from Eq. (8), Art. 65a; 
positive and negative live load shears may be calculated from Eqs. (19) and (20) of 
Art. 65b. The calculated values are given in the following table. 


TaBLE 2.—CoOMBINED SHEARS 
pe ee 


Live load shear Combined shear 
: Dead load 
Section ae 
Max. pos. Max. neg. | DL and +LL) DL and —LL 

0 +15,000 +45 ,000 0 +60,000 +15 ,000 
1 +10, 000 +31, 250 — 1,250 +41, 250 + 8,750 
2 + 5,000 +20 ,000 — 5,000 +25 ,000 0 
3 0 +11,250 —11,250 +11,250 —11,250 
4 — 5,000 + 5,000 — 20,000 0 —25,000 
5 —10,000 + 1,250 —31,250 — 8,750 —41 ,250 
6 —15,000 0 —45,000 —15,000 — 60,000 


ee ee ee ae 
Shears are given in pounds 


Moment and Shear Diagrams.—Moment and shear diagrams for the values given 
in the above tables are given by Fig. 166 for moment and Fig. 167e for shear. 


70. Maximum and Minimum Moments and Shears.—The combina- 
tions of fixed and moving load moments and shears to be used depends 


upon the design methods adopted in proportioning the parts of the 
In some cases only the maximum value of the 


structure in question. 


combined moment or shear is required. 


In other cases maximum and 
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minimum values of combined moment or shear are required, for the parts 
of the structure are to be proportioned with reference to the range of 
moment or shear to which that part of the structure is subjected. Hence, 
when the dead load moments or shears are of the same kind (both positive 
or both negative), the maximum combined value is the sum of the dead 
and live load values. When the live load moment or shear may be either 
positive or negative, depending upon the position of the live load, the 
maximum combined value is the dead load value plus the live load 
value of the same sign, and the minimum combined value is the dead load 
value and the live load value of opposite sign. 


Illustrative Problem.—Determine maximum and minimum values of combined 
moment and combined shear, using the values of moments and shears calculated in 
the problem given in the preceding article. 

Maximum and Minimum Moment.—Moments due to dead and live load are both 
positive. Hence: Maximum Moment = dead load moment + live load moment; 
Minimum Moment = dead load moment. ‘The desired results are given in Table 1, 
p. 1387. Maximum moments are given in the column of combined moments and 
minimum moments given in the column of dead load moments. 

Maximum and Minimum Shear.—Live load shears may be either positive or nega- 
tive. For points to the left of the beam center, Maximum Shear = dead load and 
positive live load shears; Minimum Shear = dead load and negative live load shear. 
The desired values are given in the last two columns of Table 2, p. 137. To the right 
of the center, the combinations are the reverse of those given above. 


71. Panel Concentrations. Floorbeam Loads and Pier Reactions.—In 
computing moments, shears and stresses in certain types of beams or 
trusses with floorbeams, it is 


Ee Pine at a often necessary to determine 
Se ee the loads at the panel points 
% Ww WG WIN for some given position of the con- 


centrated load system. These 
loads are known as panel con- 
centrations, and also as floorbeam loads. 

Figure 168 shows a system of concentrated loads carried by a series 
of stringers. Let the loads Wo, Wi, Wa, etc., represent the reactions 
at the junction points between stringers due to the given concentrated 
load system. When the series of stringers shown in Fig. 168 is supported 
by a beam or truss, Wo, Wi, Wa, etc., act as a load system on the beam 
or truss and become the panel concentrations mentioned above. 

_ A general expression for value of any one of the panel concentrations 
of Fig. 168, as for example W,, may be determined subject to the condi- 
tion that the moment at any point due to the concentrated load system is 
equal to the moment at the same point due to the panel concentrations. 
Let W, = any panel concentration; W, and Wy = the panel concentra- 
tions on the left and right of W,; M t, M,, and Mz = the summation of 
moments due to the concentrated load system about the position of 


Fie. 168. 
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W1, Wn, and Wr; 21, x2, etc. = distance from loads Wi, Ws, ete. to Wa; 
and 1; and lz = length of panels adjacent to load W,. Then 


iG 
M, = Wot) + Wie. + ete. = > Wa 
0 


Li 
where » denotes that the summation of moments for panel concentra- 
0 


tions covers loads W; to Wo. 
Also 


L L 
We = Ve Sie ae LW 
0 (0) 
and 


n L 
M, = M, + >We ib, ae ln) W the HE 
0 0 


On solving the. last of these equations for W,, and substituting for 
L 


>w its value as given by the second equation, we readily derive 
0 


vi, Nay FOR eel 
lr le 


which is a general equation for value of any panel concentration W, of 


Fig. 168. 
When the panels are all of equal length, the usual case in a truss or 
beam bridge, J, =1lz =d, a panel length. Eq. (1) then becomes 
M, — 2M, + M 
Wn a L 7 = R (2) 
Illustrative Problem.—A beam 100 ft. long is divided into 5 equal panels of 20 ft. 
each, as shown in Fig. 169. Determine the 
panel concentrations Wi to Ws when wheel 10 
of the E-50 train load is placed at a point 60 ft. 
from the left end of the beam, as shown in Fig. 
169. 
From the moment diagram of p. 103, Mi = 
0; M, = 475; M; = 2,565; M, = 5,790; Ms = Fie. 169. 
10,115; and Ms = 16,018.75. 
From Eq. (2), the panel concentrations are found to be 


M, — 2M,°-+ M; _ —950 + 2,565 _ oav5 


(1) 


% DP 
Bee 20/005 as 


WA 20 20 

M, — 2M; + M, _ 475 — 5,130 + 5,790 _ 
Va 5 t= oT = 56.75 

M; —2M.+ Ms _ 2,565 — 11,580 + 10,115 _ 
Waa ae 2 = 55.0 


= lies oe + Ms _ 5,790 — a stg 16, 018-18 2 78.9375 
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In some cases the panel concentrations W1 and W, are also desired. To 
determine W, note that M, of Eq. (2) is zero. Then 


= M, 0+475 
W:;= ces a = a = 23.75 


To determine W. assume that a panel containing no load is added at the 
right of load Ws. The moment at the right end of this span is found to 
be M = M, + (322.5)(20) = 22,468.75 (322.5 = total load on beam). 
Then 

eal his a SSP KON) = 2 + 22,468.75 _ on a 108 


As a check on the calculations, the sum of the panel concentrations must 
equal the total load on the structure. 

The position of loads for maximum value of W, of Eq. (1) may be 
determined by the methods used in preceding articles. Let G = total 
load on the series of stringers; G;, and Gz = loads on spans to left and 
right of W,; and A= a small forward movement of the load system. 
The change in the several moments due to a forward movement of the 
loads can be shown to be as follows: Change in Mz = GA; change in 
M, = (G—Ge)A; and change in M,; = (G —G, — Gp). Using these 
values, it can readily be shown from Eq. (1) that 


Change in W, = = —- — 


that is, the panel concentration is a maximum when the average load in 

‘the adjoining panels is equal. Note that this requirement is the same 
as for load position for maximum moment at any point in a beam, as 
given in Art. 68), p. 107. Hence the proper load position for maximum 
W, may be determined by means of Eq. (33), p. 106, applied as for a 
point distance J, from the left end of a beam of length (J, + lz), where 
I, and lp = lengths of panels adjoining W,, (see Fig. 168). 

In a bridge consisting of a series of simple beams or trusses resting 
on piers, the load on any pier is the panel concentration for the spans rest- 
ing on the pier in question. This load is known as a pier reaction. Itmay 
be calculated by means of Eqs. (1) or (2). 


Illustrative Problem.—Determine the maximum value of the pier reaction at R; 
for the structure shown in Fig. 170. Assume E-50 
train loading. 

Maximum pier reaction occurs when loads are 


eee 0! 60-ft. point in a 100-ft. beam. From Eq. (33), p. 

: 106, or Fig. 142, p. 113, wheel 12 is to be placed at 

R;. Let M with subscripts denote the moments at the several points. Then M, = 0; 

M, = 137.5; Ms = 8,385; and M, = 20,455. From Eq. (1), with dz = 60 and Ip = 
40, we have 


placed in position for maximum moment at the ~ 


a 
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Rez ie 5 4 Ms — M; _ 187.5 — 8,385 
: 60 Ay 60 


= 163,300 lb. 


20,455 — 8,385 
40 


a 


When the structure under consideration 
contains but two panels, Eqs. (1) and (2) 
reduce to somewhat simpler forms. Let 
Wz: = panel concentration for two consecu- 
tive spans, Fig. 171, of length 1, and ly, 
and let Mz and M; be the moment of the 


concentrated loads to the left of Wz. and W3. 
For unequal spans, Eq. (1) becomes 


lanes, iWAl 


_Ms—M, Mz, 


Was i ik 


This may be written in the form 


ei Ri h+ls 
Wa (Ms; rag ty Es ay 
From Fig. 171, it can readily be seen that the expression in parenthesis 
is equal to the moment at C in a beam of span (1; + I2) due to the given 


concentrated load system. Let M,. denote this moment. 
Then 


Wee Me (3) 
lile 


When the two adjoining spans are equal, J; = I, = d, and Eq. (3) becomes | 


W, =" (4) 


Values of W2 as given by Eqs. (3) or (4) are called the floorbeam reactions 
for the spans in question. These floorbeam reactions will have their 
maximum values when M, is a maximum. The proper load position is 
given by Ka. (33), p. 106, or Fig. 142, p. 113. 

On. p. 142 is given a table of floorbeam reactions for equal spans 
varying in length from 10 to 250 ft. 


Illustrative Problem.—Determine the floorbeam reaction for a beam with 25-ft. 
panels. 
The value of M, to be used in Eq. (4) is the maximum moment at the center of a 
50-ft. beam. From Fig. 142, p. 113, wheel 4 at the beam center gives maximum 
moment. Wheel 8 is at the right end of the 50-ft. beam 


M, = (1,000) (24) (3,563.75) — 600 = 1,181,875 ft. lb. 


From Eq. (4) 
_ 2Mc 


1,181,875 
LES Sere = 


12.5) 


= 94,600 lb. 
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TABLE 3.—Maximum MomEnts, SHEARS, AND FLOOR-BEAM REACTIONS FOR Coopmr’s 
E-50 Loapine 


Valves given for one rail 
Moments given in thousands of foot-pounds, shears and floor-beam reactions given in thousands of 
pounds. Floor-beam reactions are calculated for two panels each equal to the tabulated span. L and 
R denote that critical wheel is to the left or right of the beam center for absolute maximum moment. 


Absolute maximum moment Maximum shear 
Span in Distance Floor-beam 
eet Under from beam reaction 
EAT center to Moment End 1% Point Center 
erieal 
whee 
10 2 1.251 70.4 37.5 25.0 12.5 50.0 
11 2 1.251 82.1 40.9 26.1 13.6 54.5 
12 3 0 100.0 43.8 27.1 14.6 58.4 
13 3 0 118.8 46.2 27.9 15.4 61.6 
14 3 0 137.5 48.2 29.5 16.2 65.2 
15 3 0 156.3 50.0 SiS 16.6 68.3 
16 3 0 175.0 53.1 32.9 ilefa il Tail 
17 3 0 193.8 55.9 34.3 7S 73.5 
18 3 0 212.5 58.3 35.4 Uae: 75.9 
19 3 1.25L 233.2 60.5 36.5 17.5 78.6 
20 3 1.25L 257.9 62.5 37.5 17.5 81.9 
21 3 1.25L 282.5 64.3 39.2 18.1 84.9 
22 3 1.25L 307.1 65.9 40.9 18.8 87.6 
23 3 1.25L 331.8 67.4 42.4 19.3 90.2 
24 3 1.25L 356.5 69.3 43.8 19.8 92.4 
25 3 1.25L 381.3 il 45.0 20.2 94.6 
6 3 1.25L 406.0 72.6 46.1 20.6 Ome 
27 3 1.25L 430.8 74.0 47.2 Bil il 100.1 
28 3 0.39L 456.9 75.5 48.2 21.4 102.8 
29 3 0.39L 485.0 76.9 49.1 21.8 105.4 
30 3 0.39L 513.0 73.8 50.0 22.1 107.9 
31 3 0.39L 541.1 80.5 50.9 22.7 110.6 
32 3 0.39L 569.3 82.1 51.8 23.4 113.7 
33 3 0.39L 597.4 83.7 52.5 24.0 116.7 
34 3 0.39L 625.8 85.1 53.5 24.6 119.4 
35 4 0.94R 653.8 86.5 54.4 25.1 122.0 
36 4 0.94R 685.8 88.2 55.1 25.8 124.4 
37 4 0.94R 717.9 89.8 56.0 26.2 126.9 
38 4 0.94R 750.0 91.4 56.7 26.6 129.7 
39 4 0.21L 783.3 92.9 57.5 27.1 132.3 
40 4 0.21L 819.5 94.3 58.5 27.5 135.0 
42 4 0.21L 892.0 97.6 60.2 28.3 140.2 
44 4 0.21L 964.5 100.7 61.9 29.0 145.6 
46 4 0.21L 1,037.3 103.5 63.4 29.6 150.9 
109.5 106.3 65.1 30.2 156. 
50 4 1.45L 1,188.6 109.0 : 81.0 
52 4 1.45L 1,269.0 111.8 cele ee mee 
54 13 0.13L 1,351.8 114.5 oat 2 tote 
56 13 0.13L 1,440.5|| 117.2 Ce aa3 rie 
a . a 1,440.5 117. TNS 33.3 178.5 
60 13 1.37L 1,624.5 i298 ee a. ae 
62 ig 1e37Ds 1,721.2 125.2 Ue a5 6 ae 
64 13 0.07L 1,819.4 128.2 78:6 oe areca 
66 13 0.07L 1,924.4 131. ve ae Sure 
68 13 0.07L 2'029.4 13 3 ae oo rae! 
70 13 0.07L 21134.4 138.4 oe oe ae 
72 13 0.35L 2'241.2 iy oe ie sok 
74 13 0.61L 2}349.0 145.3 ae ih poe 
a i: 0.81L 2,349.0 2 _ 85.0 40.0 232.4 
78 13 0.54R 2,581.2 ise a 38.8 ree yee 
80 13 0.27R 2;700.6 155.3 89.6 ion Ve 
82 12 0.142 2,820.9 158.6 91.2 an 6 oe 
84 12 0.421, 2,945.4 || 161.8 93.0 43.7 se 
18 3,074.5 eal 
88 13 0.88R 3,205.3 tees ee ante a 
90 13 0.60R 3,338.1 171.5 98.4 ee ae 
92 13 0.34R 3,470.9 174.7 100. anes ier 
94 13 0.07R 3,606.6] 178.0 102 i ree 388.7 
3 0.221 3,743.11 181.0 : . 87. 
98 13 0.49L 3/883.1 104.1 47.9 287.5 
100 12 0.15R 4/0249 ee ce ree oe 
105 12 2.018 4,422.0 195.1 112.7 50.7 307.8 
9 4,858. ; ; : : 
115 11 3.52R 5'306.2|| 200.9 121.9 re ae 
120 11 2.85R SOro@||| Bile. i1 126.4 2B 6 31010 
ae 11 2.19R 6,245.5|| 224/92 130.9 Pe etiee 
150 12 1.77R 8,827.9]| 259.2 ee 57.5 351.2 
175 12 1.79L 11,690.6|| 293.1 172.9 v8.2 nee 
200 13 3. 68L 14,841.2]) 326.3 191.8 &8.0 5o3 8 
225 14 5.67L 18,278.2 359.0 210.8 ae 283.6 
4.62L 21,990.6 || 391.5 229.6 106.3 641.0 
Ee Sac ceh Goi in acca eee eee ee 


Sec. 1-72] GENERAL THEORY 143 


INFLUENCE LINES 
By W. M. Wrtson 


72. Influence Lines Defined.—If the load on a structure is always 
applied at the same point, the determination of stresses in the structure 
involves only the determination of the stresses in certain members due 
to a known load at a given point. There are, however, many structures 
designed to support loads which, instead of being applied at certain points, 
move along the structure. This is notably true of train loads on railway 
bridges; truck loads on highway bridges; and crane loads on crane 
runways. In designing structures supporting moving loads, it is not only 
necessary to determine the stresses due to a load at a given point, but it is 
also necessary to determine the position of the load which will produce 
the greatest stresses. The influence diagram has been developed to 
assist in the determination, in the case of a moving load, of the position 
of the load which produces the maximum stresses. 

The sketch AC of Fig. 172 represents any simple beam. A load of 


iG v2. Higa Lvs: 


1 Ib. applied at m, a distance x from C, will produce a reaction Ry at A 
equal to (1) (> )-that is, the reaction at A isafunction of x. By assign- 


ing different values to x we can compute the values of R, for the corre- 
sponding positions of the 1-lb. load. Thus, if = 0, Ry = 0; if « = 
Pie aloe Merlo, Rh, = 16 lb.; ila = 340, Re = 24 lb.; and 
oe) ete. Lob. 

In Fig. 173, draw the line ca representing the length of the beam CA. 
From c lay off the distance cn equal to 144L. At erect an ordinate whose 
length represents 14 lb. This ordinate represents the reaction R, when 
the 1-lb. load is a distance of 144L from C. Also on ac lay off cp equal to 
LL, and at p erect an ordinate whose length, to the same scale as was used 
at n, represents 14 lb. This ordinate represents the reaction at R4 when 
the 1-lb. load is a distance of 14L from C. Likewise the ordinate at q 
represents the value of Ry when the 1-lb. load is 34L from C, and the 
ordinate at a represents the value of R4 when the 1-lb. load is a distance of 
L from C. The line a’c passes through the upper extremity of the ordi- 
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nates at a, q, p, n andc. ‘That is, the line a'c is so constructed that its: 
ordinate at any point represents, to scale, the reaction at A due to a load 
of 1-lb. applied at a point on the beam corresponding to the position of the 
ordinate of the diagram. 

The line a’c of Fig. 173 is the influence line, and the figure aca’ is 
the influence diagram for the reaction at A. This diagram shows 
graphically the relative magnitudes of the reactions produced by a 1-lb. 
load in different positions. It shows the influence that the position 
of the load_has upon the effect of the load. 

The diagram of Fig. 173 shows the influence of the position of a 
1-Ib. load upon the reaction at A. Influence diagrams can also be 
drawn representing the influence of the position of a 1-lb. load upon 
any function of the load—such as the reaction at the end, the shear 
at the end, the moment at the center, etc. We have, therefore, finally 
as the definition of an influence line: 

An influence line is a line whose ordinate at any point represents to 
scale the value of the function of a force for which the influence line is drawn 
when a 1-lb. load is applied at the point on the structure corresponding to the 
position of the ordinate on the diagram. 

It should be noted that with an influence line the ordinates of all 
points represent the same function. The position of the load is the 
variable. Before drawing and before using an influence diagram it is 
important to consider carefully the function for which the diagram is 
drawn. It is not sufficient to realize that a certain influence line is the 
influence line for moment. We must clearly conceive that it is an 
influence line for moment at a particular section, and that the whole line _ 
is for the moment at that section and that section only. ae 

73. Influence Lines for Simple Cases. Hnd Reactions of Simple 
Beams.—The method of drawing the influence diagram for the reaction at 
A of the beam of Fig. 172 is described in the preceding paragraph. We 
found that the reaction at A due to a 1-lb. load at a distance x from C is 


given by the equation Ry = (1)( 4 )—that is, the reaction varies directly 


as the ordinates of a straight line so that the influence diagram for the 
reaction at A is a straight line whose ordinate represents zero at one end 
and 1-lb. at the other end. 

Shear at End of Simple Beam.—For a simple beam the shear at the- 
end is the same as the end reaction. The influence lines for the two 
functions are therefore identical. 

Moment at Any Section of a Simple Beam.—In Fig. 174, AC represents 
any simple beam. © It is required to draw an influence line for the moment 
at B. 


With the load to the right of B, Ms = (R,)(a). But Ry = ay(#): 
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Therefore, for the portion of the beam to the right of B, Mz = > 


That is, the influence line for the portion of the beam BC is a straight 
line. Its ordinate at C is zero and at 
B is s 


With the load to the left of B, 
L-—« 

M, = (R.)(b). ButR, = (1y( 7 ) 

Therefore, for the portion of the beam 
L-—«z 

to the left of B, Ms = (b)(“~7*) 

That is, the influence line for the por- 


tion of the beam to the left of B nfl i cm ie | 
is also a straight line. Its ordinate 77 /V%? WQGrGn 10rlM"g 


at A, where « =L, is zero, and at Fie. 174. 


“At 4 
B its ordinate ts The influence Coe is therefore as shown in 
Fig. 174. 

Shear at the Supported End of a Cantilever—The member AB of 
Fig. 175 represents a cantilever. It is required to draw an influence 
line for the shear at A. In this case the shear at A is 1 lb. no matter 
where the load is applied so long as it is to the right of A. The influence 


te 


/ 
py AE 


D 
Influence dhagram tor shear atA 


Influence qagen” for shear 
jer 


Eig. 175: Fie. 176. 


line for the shear at A is therefore a horizontal line at a distance 
representing 1 lb. above the base. 

Shear at an Intermediate Section of a Simple Beam.—The sketch AC of 
Fig. 176 represents a simple beam. It is required to draw the influence 


line for the shear at B, 


—_ 
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When the load is to the right of B, the shear at B equals the reaction 
at A. When the load is to the left of B, the shear at B equals the reaction 
at A minus 1lb. Therefore we have with the load on the portion of the 


beam BC, shear at B equals (Fc). The influence’ line is therefore a 


; 4 : ; al 
straight line whose ordinate at c is zero and whose ordinate at 6 is 7, 


It is represented in the figure by b’c. And with the 1-lb. load on the 


: : i : 
portion of the beam AB, the shear at B is a = lor = ig The influence 
line is therefore a straight line whose ordinate at A is zero and whose 
ordinate at B is — a It is represented in the figure by ab’. The entire 


influence line is therefore ab’’b’c. 


4 (a) With end Hoor beam 


a” 


wpe. 
a [7 
a, 


(6) Without end floor beam 
ee aagrans ror end reaction 


lates, lhe 


. End Reaction of a Through Truss.—Figure 177 represents a truss of 
a through truss bridge. It is required to draw the influence line for 
the reaction at A. 

There are two types of construction in common use. With one type 
of construction an end floorbeam carries the load from the stringers 
in the end panel into the truss at the end panel point. With the other 
type of construction, there is no floorbeam at the end panel point. 
Instead, the end stringers rest directly on the masonry so that the portion 
of the load in the panel AB that goes to A is not delivered to the truss, 
but goes directly into the masonry. 

We will first consider the case in which there is an end floorbeam. 
In this case the end reaction is the same as for a beam having the same 
length and the same loading as the truss. The magnitude of the reaction 
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varies directly as the distance from G and the influence line is the straight 
line a’g, Fig. 177a, having an ordinate equal to zero at one end, and 
equal to 1 lb. at the other. 

If the truss has no end floorbeam, the influence line will be as shown 
at b of Fig. 177. 

For the portion of the beam to the right of B, the influence line 
is identical with the corresponding portion of the influence line for a 
truss having end floorbeams. 

If the load is to the left of B, the end reaction of the truss equals the 
end reaction of a beam of the same length as the truss, less the stringer 
reaction at A. Thatis, R4 = (1) (=) — a), which shows that 
the influence line from A to B is a straight line. 


When z equals zero, Ry = s the same as for a truss having end 


floorbeams. When z = p, Ra = 0. We have, therefore, the following 
construction for the influence line for the end reaction of a truss without 
end floorbeams: 

From the base line ag’ lay off the distance a’’a’’”’ representing a 
reaction of 1 lb. Connect a’”’ and g” with a straight line. Locate b’”” 


Influence diagram for moment at C 
Fie. 178. 


directly below B. Then a’’b’’’g” is the influence line for the reaction of 
the truss. 

Moment at a Panel Point of a Truss.—Figure 178 represents a truss 
of a through truss bridge. It is required to draw the influence line 
for the moment at the panel point C. The moment at a panel point of a 
truss is exactly the same as the moment at the corresponding point of 
a beam having the same length as the truss. Therefore ac’g constructed 
exactly the same as the influence line for moment ina simple beam shown 
in Fig. 174, is the influence line for the moment at C in the truss of 


Fig. 178. 
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Shear in Any Panel of a Through Truss.—Figure 179 represents a truss 
of a through truss bridge. It is required to draw the influence line for 
the shear in the panel BC. 

If the load is to the right of C, the shear in the panel BC equals the 
left-hand reaction. If, therefore, we draw ag as a base line, lay off the 
distance aa’ to represent a shear of 1 lb., and connect a’ and g with a 
straight line, then the portion of the line a’g to the right of c’ is the influ- 
ence line for the portion of the truss to the right of C. 

If the load is to the left of B, the shear in the panel BC equals the reac- 
tion at the right-hand end of the truss. And the portion of ag’ to the left 
of b’ is the influence line for the portion of the truss to the left of B. 


J 
C 


Influence diagram for shear in panel & 
Fia@. 179. 


We have yet to determine the influence line for the portion of the truss 
from B to C. 

When the 1-lb. load is in the panel BC, a part of the load is delivered 
by the stringers through the floorbeam to B and a part to C. The shear 
in the panel BC due to a load of 1 lb. in BC equals the truss reaction at A 
less the floorbeam reaction at B. (This shear also equals the truss reac- 
tion at G less the floorbeam reaction at C.) The truss reaction at A 


s+e2z 
equals (1) ( iE ). The floorbeam reaction at B equals (1) (-). The 
p 
2 Sieiaie Zz uel 
shear in the panel BC therefore equals Tea i This is an expression 


of the first degree and therefore the shear due a 1-lb. load in the panel 
BC varies directly as the distance of the load from C. This being true 
the influence line for the portion of the truss BC is a straight line. As one 
point on this influence line is c’, and another point is b’, the influence line 
for BC is b’c’. From an inspection of the influence line, it is apparent 
that a load to the right of 0, produces a positive shear and a load to the 
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left of o produces a negative shear; that for a load to produce a maxi- 
mum positive shear, it should be placed at C, and for it to produce a 
maximum negative shear, it should be placed at B; that to produce a 
maximum positive shear due to a uniform load, the load should extend 
from o to g, and that to produce a maximum negative shear, the load 
should extend from 0 to a. 

74. Interpretation of Influence Lines.—It was stated in connection 
with the definition of influence lines that an influence line shows the 
influence which the position of a load has upon some function of the load. 
Thus Fig. 173 shows that the reaction at A produced by a load increases 
as the load moves from C to A. It is apparent from this influence line 
that a greater reaction at A will be produced by a load near A than by 
an equal load near B. 

Figure 174 shows that as a load moves across the beam from C to A 
the moment at B increases until the load passes B and then decreases as 
the load moves away from B, and it shows that the moment at B due to a 
given load is a maximum when the load is at B. 

Figure 175 shows that for a cantilever, the shear at the support is 
independent of the position of the load. 

Figure 176 shows that for a simple beam the shear at an intermediate 
point increases numerically as the load approaches the point from either 
direction; and it shows that the shear passes from. a maximum value of 
one sign to a maximum value of the opposite sign as the load passes the 
point for which the shear is to be determined. This diagram also shows 
that, in their effect upon the shear at B, loads placed, one to the right of 
B and one to the left of B, tend to offset each other. 


75. Uses of Influence Lines.—Influence lines are used for three -~ 


purposes. 

(1) To determine the magnitudes of functions (shears, moments, 
stresses, or reactions) due to given loads. 

(2) To locate a given load so that it will give a maximum value to 
a given function. 

(3) To determine the portion of a structure to be loaded with either a 
uniform load or a series of concentrated loads in order that a given func- 
tion may have a maximum value. 

76. Determination of the Magnitude of a Given Function. 

76a. Due to Concentrated Loads.—In Fig. 173 the ordinate 
at q represents 34 lb. This means that a load of 1 lb. applied at a distance 
of 34 L from C produces a reaction at A of 34 lb. As the reaction is 
directly proportional to the load, 100 Ib. 34 of L from C will produce 
a reaction of (100)(34) = 75 lb. From this illustration we can draw 
the general rule: 

The function (mo ment, shear, stress, or reaction) due to a known load 
at a specified point isthe product of two factors, one factor is the load, and 


a 
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the other factor is the ordinate! of the influence line corresponding to the 
point at which the load is applied. 


Illustrative Problem.—Figure 180 represents a beam carrying loads as shown. It 
is required to find the moment at B due to these ae 6) (16) 


The ordinate of the influence diagram at B is — = (see Fig. 174) o oA The 


ordinates at n and m are each equal to half the ordinate at b. The moment at B is 
therefore 


(10) c ) [ee] + (20) [or | + (40) (G [Se |- 240 ft-lb. 


WE Ge 
(2°53 


a C d 
Influence hina for Mey Influence diagram for shear afA 
Fria. 180. Fie. 181. 


76b. Due to a Uniform Load.—In Fig. 181, AB represents 
a simple beam carrying a uniform load of w lb. per ft. on the portion CD. 
It is required to find the shear at A due to the uniform load CD. 

The influence line is the straight line a’b’ whose ordinate at a’ repre- 
sents 1 lb. and at 6 is zero. Consider a short section of the beam of 
length s that is located at a distance x from B. The magnitude of 
the load on this s is ws. The ordinate of the influence diagram at a 


2 
distance x from B is : Therefore the shear at A due to the load onthe 
sion oie we. 
portion s is | 


The area of the influence diagram corresponding to the portion of the 


rise : ee : PP Suse 
beam s is in This multiplied by the rate of loading, w, gives To 


1 The ordinate of an influence diagram may be considered as representing an 
abstract number or it may be considered as representing all, or a part, of a unit in 
terms of which the function is usually expressed. If the ordinate represents an 
abstract number, then the ordinate is multiplied by the load in pounds (or tons). If 
the ordinate represents all or a part of a unit in terms of which the function is expressed, 
then the ordinate is multiplied, not by the load in pounds, but by the number of 
pounds in the load. Thus, if the load is 500 Ib., in the first case we would multiply 
by 500 lb., in the second case by 500. The writer has preferred to use the latter 
method. 

* These statements are approximately true when s is a very small finite quantity 
and may be considered as true when s is a differential quantity. 
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* expression identical with the expression for the shear at A due to theload 
on the portion s of the beam. We can therefore say that for the small 
length s of the beam the shear at A equals the area of the influence dia- 
gram corresponding to the portion s of the beam multiplied by the rate 
of loading. If this is true for each small s of the portion CD, it is true for 
the entire loaded portion. 

We have finally, then, that in the case of a uniform load the value 
of a function is equal to the area of that portion of the influence diagram — 
corresponding to the portion of the 
structure that is loaded, multiplied by - ap 10°65 
the rate of loading. ae ee 


Illustrative Problem.—The beam AB of 
Fig. 182 carries a uniformly distributed load 
_ as shown. It is required to determine the 

shear at A. 

The influence diagram is aba’. Thearea 
of the diagram corresponding to the portion 
BA aie il 
Oe (10) = 5 ft.- 
lb. The shear is therefore (5)(1,000) = 
5,000 lb.4 


of the beam loaded is 


: Influence diagram ror shear atA 
77. Location of a Concentrated Fre. 182. 


Load to Give a Maximum Value to a 

Function.—Since the magnitude of a function due to a given load is 
the product of the load and the ordinate of the influence diagram, the 
position of a load for a maximum value of a function is apparent. Thus 
from Fig. 173 the maximum reaction at A due to a single load is obtained 
by placing the load at A where the ordinate of the influence diagram is 
a maximum; from Fig. 174 the maximum moment at B due to a single 
load is obtained by placing the load at B; from Fig. 176, the maximum 
shear at B of one sign is obtained when the load is just to the left of B, 
and the maximum shear of the other sign is obtained by placing the 
load just to the right of B. 

78. Location of a Uniform Load, or of a Series of Concentrated Loads, 
to Produce a Maximum Value of a Function.—The most important 
application of influence lines is their use in determining the location of a 
uniform load or of a series of concentrated loads which will give the maxi- 
mum value to a given function. 

With certain types of structures and with certain functions, the posi- 
tion of a series of moving loads which gives the function its maximum 
value is apparent from a glance at the influence diagram. Thus in 
Fig. 183, aa’b is the influence diagram for the shear at A. Since the 


1 Since the area of the influence diagram represents foot-pounds, the rate of 
loading is represented, not as the load per foot, but as the number of pounds per 


foot. Not 1,000 lb. per ft., but 1,000 per ft. 
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ordinates of the influence diagram increase from 6 to a’, it is apparent 

that the loads should be placed as far to the left as possible without 

causing the load P to pass off of the span. For as the loads move to 

the left, the ordinate of the influence diagram for each load increases 
OS eee te ~~ and therefore the shear produced by 
kareb>| leoda aan ca 
PE ROME. each load increases. 

With certain other types of struc- 
tures or with certain other functions, 
the position of a series of moving loads 
which gives the function its maximum 


Ke value is not apparent by inspection, but 
Ss can be determined from the geometrical 
ys construction of the influence diagram. 


ms ; gh iy) Thus in Fig. 184 ab’c is the influence 
Influence diagram Tor Siiear a diagram for the moment at section B of 
rete: the beam AC. Q represents the sum 


of all the loads to the right of B, and P represents the sum of all of the 
loads to the left of B. As the loads move, say to the left, the ordinates 
of the influence diagram for the loads which help to make up Q increase, 
whereas, the ordinates of the influence diagram for the loads which help 
to make up P decrease. Apparently therefore as the loads move to the 


ae oe 
Gwe IOLA) 


Influence diagram tor mornent at B 
Fia. 184. 


left, the moment due to Q increases and the moment due to P decreases. 
We wish to find the position of the loads which will make the sum of 
these two moments, one of which is increasing, and the other of which is 
decreasing, a maximum. 

If the line b’c is extended, it will cut the vertical through A at a 


distance a above a. The slope of b’c is therefore a 


7 Likewise if the 
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line ab’ is extended it will cut the vertical through C at a distance b 
above c. The slope of ab’ is therefore 2. 

Consider that all of the loads have moved a small distance to the 
left, but that no load has passed B—that is, neither P nor Q have changed 
in magnitude. Let the movement to the left be represented by s. The 
ordinate of the influence diagram corresponding to each load composing 
sa 
i 
has been increased by this amount, and as the increase in the ordinate 
times the load equals the increase in the moment, the moment due to Q 


Q, has been increased by an amount As the ordinate for each load 


increased by the amount Q (>) when the loads moved a distance s to the 


left. Likewise, when the loads moved to the left, the ordinate of the 
influence diagram for each load composing P decreased by the amount 


'P 
2 and the moment due to P decreased by the amount a The resul- 
; Pp 
tant change in the moment due to all of the loads, is therefore, ee — 2 


If the first term of this expression is greater than the second, the moment 
increases as the loads move to the left. If the first term is less than the 
second, the moment decreases as the loads move to the left. 

The only quantities in these expressions that can change in value 
are Qand P, When a load passes B, Q decreases and P increases by the 
amount of the passing load. Suppose that just before a certain load 


Psb sa. 
passes B, ee is greater than = and that after the load passes B, O84, 


less than au This means that as the load approaches B, the sum of the 


moments of all the loads is increasing and that as the load leaves B, the 
sum of the moments of all of the loads is decreasing. If the moment 
increases until the load reaches B and decreases after the load leaves B, 
the moment is a maximum when the load is at B. We can therefore say 


Psd 
that if a changes from greater than to less than = as the load passes B, 
the moment is a maximum with the load at B. Sometime during this 
change 
Qsa _ Psb 
i ae 


Eliminating the common terms s and L 


Core ni20 
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Adding Pa to both terms 
Qa + Pa = Pb + Pa 


or 
Wa = PL 
Dividing both terms by aL 
Wages 
L a 


The expression o is the total load divided by the total length, or 


Spade see 
the rate of loading for the whole span. And the expression a8 the 


rate of loading for the left hand segment. We have therefore, finally, 
as the criterion for determining the position of a series of moving loads 
to produce a maximum moment at a given section: 

If, as a load approaches the section from the right, the average load on 
the left-hand segment is less than the average load on the whole span, and, 
as the load leaves the section, the average load on the left-hand segment is 
greater than the average load on the whole span, then the moment ts a maxi- 
mum at the section when the load ts at the section. 

If the series of concentrated loads is replaced by a uniformly dis- 
tributed load, the criterion takes the form: 

The moment at a given section of a beam ts a maximum when the average 
load on one segment (either segment) equals the average load on the whole 
span. 


GENERAL METHODS OF COMPUTING STRESSES IN TRUSSES 


By Greorce A. Hoon 


79. Two Methods Used.—The stresses in the members of a truss may 
be computed either by a ‘‘method of sections” or by a “method of joints.” 
It is often convenient to compute the stresses in some of the members of a 
truss by one method and the stresses in the remaining members by the 
other method. 

In either method the necessary procedure, in order to determine 
stresses for a given loading, is to separate the given truss into two parts 
by an imaginary section, either plane or curved; the part of the truss to 
one side of the section is removed (that is, considered so) together with 
all external forces, and the members that are cut by the section are 
replaced by the stresses acting in those members. By so doing, the part 
of the truss considered will be in equilibrium due to the outer forces acting 
on that portion of the truss and the stresses in the members cut. If 
‘the section is taken completely across the truss, as XX’ or YY’, Fig. 185a, 
so that the members cut do not all intersect in one point, then the method 
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used is the method of sections. If the section is so taken that the members 
do all intersect in one point, as ZZ’, Fig. 185a, then the method used is the 
method of jovnts. 

80. Algebraic Treatment.—The algebraic treatment of the method 
of sections will be explained with reference to the truss shown in Fig. 185a 
which is subjected to moving loads transmitted to the lower panel points. 
Assume that the maximum stresses in members 1, 2 and 3 of the 
truss are required, these members being cut by the section XX’. Con- 
sider the portion of the truss shown in Fig. 185b. For a definite loading 
the forces are all in equilibrium as explained above and, since only three 
members are cut, any or all of the three equations of equilibrium can be 
used; namely, 2H = 0; 2V = 0, and 2M =0 (see ‘Art. 38, p. 17). 


Fie. 185. 


First use the equation >M = 0. This equation is true about any point 
in the plane of the truss but, in order to get the stress in a given member 
directly, it is necessary to take the center of moments at the intersection 
of the other two members. For example, the stress in F’; for a given load- 
ing can be found by taking moments about the point Ui. It should be 
noticed that U; is vertically above L, and, since the loads are all vertical, 
the moments at U; and L, are equal. The maximum stress in F's, then, 
occurs with the loading which gives maximum moment at the first panel 
point from the left support (see chapter on “Shears and Moments”’). 
Call this maximum moment M;. The moment of /’3 (when 3 is a maxi- 
mum) about the point Ui must be equal and opposite to M; in order that 
2M may equal zero. Thus 
(Max. F3)(h) = M1 


or 


Max. F3 = a 


In the same manner, calling Mz the maximum moment at the second 


anel point, 
p p M, 


Max. F, = oh. 
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It should be observed (using 2M = 0) that the stress in the upper 
chord acts toward the section, thus denoting compression, while the stress 
in the lower chord acts away from the section, thus denoting tension; 
that is, 7, = compression and /’; = tension. This is true of all the upper 
and lower chords throughout the truss. 

The maximum stress F2 remains to be found. This may be accom- 
plished by using the equation =V = 0. The vertical component of the 
maximum stress in Ff, is equal to the maximum positive shear in the 
second panel from the left support. Call this component V2. Then 

Max. ie ,> Yuet 
In using the equation 2V = 0, observe that the stress acts away from the 
section, thus denoting tension. 

Let the maximum stress be required in members 1, 4, and 5, 
Fig. 185a. Take the section YY’. Using 2H = 0, and knowing that 
the loads are all vertical, the stress in member | is seen to be equal and 
opposite to the stress in member 5. This applies for any loading, 
hence the loading giving maximum stress in member 1 will also give a 
maximum stress in member 5 of the same amount; that is, the loading 
giving the maximum moment at the second panel point from the left 
support will cause maximum stress in both members 1 and 5. The 


: ; ; : Mz _. 
maximum stress (compression) in member 1 is, as before, > using » 


~2M=0. This same amount of tension, then, occurs in member 5. 
The maximum stress in member 4 is directly the maximum positive 
shear in the third panel from the left support, using the equation DV = 
0. Stress in member 4 is compression. 

In the method of sections, the section should always be taken so as to 
cut only three members whose stresses are unknown. If more than three 
members are cut, there are more unknown quantities than can be found 
by the principles of statics. 

The method of joints is only a name given to the manner of determin- 
ing stresses from the conditions of equilibrium of concurrent forces, 
namely, SH = 0and 2V = 0. Itshould be clearly understood that this 
method can be applied to a joint only when there are two unknown 
stresses. In solving a truss by this method, it is evident that a joint must 
be selected where but two members meet and then proceed from this to 
other joints. 

In the algebraic method of joints, if a maximum stress is desired in a 
certain member of a truss, all the joints from one end of the truss up to 
the member considered must be computed for the loading giving maxi- 
mum stress in that member only. For this reason the algebraic method 
of joints, although perfectly general, is too laborious to be employed in 
practice in determining the maximum stresses in all the members of an 
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ordinary truss. It may be used with great advantage, however, for 
certain specific members, and should be understood. <A graphical 
method based upon the same principles is well adapted for many types 
of trusses, particularly roof trusses with non-parallel chords. In roof 
trusses, the conditions for probable maximum stress in the given 
members are few, and usually all the stresses may be computed graphi- 
cally for each loading in much shorter time than it would take to compute 
the stresses throughout the truss algebraically for any one condition 
of loading. 


Iilustrative Problem.—Roof truss of Fig. 186a; loads as shown. (a) Required the 
stresses in all members algebraically by the method of sections. (b) By the method of 
joints. 

(a) Method of Sections 


To find the stresses in member LoU, and LoL, pass a section a-b cutting these 
members. Consider the truss to the left of the section. Figure 186b shows the joint 
at Ly) removed and the known loads applied, together with the unknowns S; and S2, 
assumed to act as shown. Consider upward forces and forces to the right as positive; 
downward forces and forces to the left as negative. The two equations, 2V = 0 and 


ZH = 0, may be employed to find the two stresses S; and S». 
ZV =0. 4,000 — 1,000 — S, sin 6 = 0 


Si = (3,000) ‘ea = 6,710 lb. (compression, as assumed, since result is positive). 
SH 0: S. — Si; cos 6 = 0 
So = (6,710) (555 = 6,000 lb. (tension, as assumed, since result is positive). 


To find the stresses in members U;U2, UiL2, and IL, pass a section c-d cutting 
these members and consider the portion of the structure to the left (Fig. 186c). The 


tA — 
ae ES 
SCHON ene eee oo ee 


Sa , 
40 


Fie. 186. 


three equations of equilibrium may be used to determine the three unknown stresses, 
but the solution may be simplified by employing only 2M = 0 three times. This 
equation should be applied at the intersection of two members to find the stress in the 
third. Thus, to determine the stress in U; U2, take moments about I», the intersection 
of UiL. and LiL». Then, considering clockwise moments as positive, 


4,000(20) — 1,000(20) — 2,000(10) — S:(a) = 0 
S; = 4,470 lb. (compression) 


The stress in S, may be obtained by taking moments about Lo, the intersection of 
UO,U 2 and DyLe. 
2,000(10) — S4(b) = 0 
S, = 2,240 lb. (compression) 
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The stress in Ss may be found by taking moments about Ui, the intersection of UiL2 
and U,U:2. 
(4,000 — 1,000)(10) — Ss(5) = 0 
Ss = 6,000 lb. (tension) 


Other sections should now be taken cutting only three members whose stresses are 
unknown and the moment equation again applied. Proceeding in this manner the 
stresses in all the members may be determined. 


$s (b) Method of Joints 
The stresses in members LoU; and LoL; are determined as for the 


S$ If, % method of sections and the solution will not be repeated here. 
Passing now to the next joint at which only two unknowns exist, 
joint L, will be selected, shown in Fig. 187a. 


ZV =0. Ss =0 


2H =0. S; —S2=0 
or Ss; = S2 = 6,000 lb. (tension) 


Next pass to joint U1, which is shown in Fig. 187b. The two 
Fia. 187. unknown forces are S3 and S4. 


=V =0. S, sin @ + Sssin 6 — S; sin 6 — 2,000 = 0 
S4 sin 6 — S3sin 6 = — 1,000 

ZH =0. S:icosé@ — Ss cos@ — S3cos 6 = 0 
S, cos @ + S3 cos 6 = 6,000 


These independent equations involve only the unknowns S; and S,. Solving 
simultaneously . 
S4 — Ss = — 2,236 
S, +83 = +6,708 
S3; = 4,470 lb. (compression) 
iS, = 2,240 lb. (compression) 


The stresses at joint U; are now completely determined. In the same way pass to 
the other joints until all the stresses in the members of the truss are determined. 


81. Graphical Treatment.—In the graphical method of sections it is 
necessary to commence at one end of the structure and pass a section 
cutting but two members. The stresses in these members can be deter- 
mined by the single condition that the force polygon, drawn from the 
forces on one portion of the structure, must close. Next a section is 
taken cutting three members, one of which has already been determined, 
and the two un‘nowns can be found by the force polygon method as 
before. By successive sections taken in this manner, all the stresses 
can. be determined by simple force polygons. __ 

The graphical construction resulting from the method of joints is iden- 
tical with that resulting from the method of sections.’ The only differ- 
ence is the sections taken and, consequently, the order in which the lines 
are drawn. The method of joints is generally preferred in practice on 
account of its simplicity and this method only will be illustrated here. 
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Illustrative Problem.—Required the stresses in all members of the roof truss shown 
in Fig. 188a by the graphical method of joints; loads as shown. 

It will simplify matters to draw a sketch of the truss to some suitable scale and 
show on it all the outer forces including reactions. Also, to designate all the forces 
and members on this sketch by letters so located that each force and each member will 
lie between two letters and only two, as illustrated in 188a. 

Now any force, as AB, for example, in this figure may be designated in the graphical 
solution by a line having a length corresponding to the magnitude of the force and 
with the letter a at one end and the letter b at the other. By going through the 
graphical construction in this manner one letter only need be placed at each apex of.a 
force polygon and the work is greatly simplified. 

The next step is to draw a force polygon for the outer forces to a scale of sufficient 
size to give the desired accuracy. The force polygon is abcdefga in Fig. 1886 and is 
a straight line, since all the forces are ver- 
tical. The external forces should be plotted 
in the order obtained by going around the 
figure in a clockwisedirection. ab = 1,000. 
be = cd = de = 2,000. ef = 1,000. fg = 
Rz = 4,000. ga = Ri; = 4,000. Theright 
and left reactions must previously be com- 
puted either algebraically or graphically 
(see chapter on “Reactions’’). 

The force polygon should now be drawn 
for joint Le. The unknown forces which 


act at this joint are the stress in BH and 4 
the stress in HG. bh and hg are known in Ae 
direction but not in magnitude, hence, there . 


are but two unknowns and these can be 
found by the polygon of forces. The fig- (b) 

ure abhga, Fig. 188b, is this polygon obtained 

by drawing from 6 a line parallel to BH, 

and from ga line parallel to HG. The lines Fie. 188. 

bh and hg may now be scaled from the force 

polygon to obtain the magnitude of the stresses in the two members intersecting at 
Lo. The character of these stresses must alsobefound. The forces at joint Lo, being 
in equilibrium, must follow in order around the corresponding force polygon. Reading 
around joint Lo in a clockwise direction gives bh acting downward to the left, or 
toward the joint Zo, thus showing compression, and hg acting toward the right, or away 
from the joint Lo, showing tension. 

The joint L; is the next one at which only two unknowns exist. The stress in GH 
is known from joint Lo, and the stresses in HJ and JG are unknowns. The corre- 
sponding force polygon /jg for this joint must close. Since gh and jg have the same 
line of action, the line in the force polygon representing the magnitude of hj will be a 
point, thus having no length. The stress in HJ is, therefore, zero. This might have 
been seen by inspection, as there is no load at Li to cause stress in this member. In 
reading around joint Zi in a clockwise direction, the line JG is from left to right, and 
the stress acts away from joint Li, denoting tension. 

Now pass to joint Ui. The stresses.in CK and KJ are the unknowns. ‘To obtain 
them draw ck and jk in the force polygon parallel respectively to the corresponding 
members in the truss. (The stress being zero in JH, the whole space occupied by 
J and H may conveniently be called J.) Reading around joint U; in a clockwise 
direction gives both ck and kj acting toward the joint Ui, hence, denoting com- 
pression in both these members. The polygon considered is bckjb. In a similar 
manner the stresses in the other bars may be determined. 


SECTION 2 
ROOF TRUSSES 


SIMPLE ROOF TRUSSES 


By H. S. Rogmrs 


1. Methods of Computing Stresses.—The two general methods of 
computing stresses in trusses are the ‘‘method of sections’ and the 
“method of joints,” as explained in the preceding chapter. 

2. Algebraic Method of Sections.—To determine the direct stress in 
the member of a truss, the following procedure should be used: 

(1) Pass a section through the unknown member and remove part of 
the truss to one side of the section. 

(2) Replace cut members by forces, assuming the directions of the 
forces. 

(3) Take moments about a point which is common to the lines of action 
of all unknowns but the one desired. 

(4) Determine the magnitude and direction of the unknown force by 
equating the algebraic sum of the moments to zero. 

If the force which is to be determined acts toward the section, the 
member will be in compression; if it acts away from the section, the 
member will be in tension. 


Illustrative Problem.—The stresses in the Pratt truss shown in Fig. 1 will be deter- 
mined by the algebraic method, for the loads shown. Before beginning the deter- 
mination of moments acting on sections of the truss, it will be convenient to determine 
the right-angle distances of upper chord members from lower panel points and the 
right-angle distances of web members from the heel joint, Lo. 

The first section is taken through LoUi and LoL, and the part of the truss to the 
right of the section is removed, as shown in Fig. 1b. The members are replaced by 
forces, as indicated by the arrows. In order to determine the stress in LoU,, the 
moments are taken about I, so as to eliminate the stress in Loli, from the computa- 
tions. In order to determine the stress in LoL, the moments are taken about U; fora 
similar reason. ‘The solutions of the equations give 


10 
4.47 


Ly,L, = (8,000) (3) = 6,000 lb. 


AIS (3,000) ( = 6,710 lb. 


Because the sum of the moments about L; must equal zero, the force LoU; must be 
directed toward the section; therefore the member LU, will be in compression. 
160 
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Because the sum of the moments about U; must equal zero, the force LoL; must be 
directed away from the section; therefore, the member LoL will be in tension. 

The second section is taken as shown in Fig. 1c, the cut members being replaced by 
forces. In order to determine the stress in U,L; the moments are taken about Lo; and 
in order to determine the stress in U;U.2 the moments are taken about L:. The direc- 
tions of the forces are determined as before. 

The third section is taken as shown in Fig. 1d and the cut members are again 
replaced by forces. The stresses and their directions are determined as in the previous 
cases. 

It should be observed that, if a section is passed through three unknowns, any one 
of them can be determined by taking moments of all the forces acting about the inter- 
section of the other two unknowns. 

The stresses in a symmetrical truss loaded symmetrically need be determined only 
for one-half the truss. 


8. Methods of Equations and Coefficients—The method of deter- 
mining the stresses in symmetrical trusses, symmetrically loaded, by 
means of equations or coefficients involves the least amount of labor. 

Equations for stresses in members can be determined in terms of the 
panel load and the ratio of span to height of truss, by the algebraic method 
of sections, the loads being expressed in panel loads and the moment 
arms in terms of span divided by height. These equations give constant 
values, or coefficients, for each member of a truss for each particular 
ratio of span divided by height. The value for any member, when mul- 
tiplied by the panel load will give a product, which will be the stress in 
the member. 

The equations for stresses and the coefficient of stresses for the 
standard simple types of symmetrical trusses are given in the chapter on 


“Roof Trusses—Stress Data.” 
11 
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4. Graphical Method of Joints.—In the graphical method of comput- 
ing stresses, joints are considered to be cut from the truss in consecutive 
order and a force polygon is drawn for the forces at each joint. The 
stresses should be determined by use of the following procedure: 

(1) Draw a scaled diagram of the truss showing all the external forces, 
and letter each space between forces or members with a capital letter. 

(2) Consider each joint separately as a “free body”? acted upon by 
concurrent forces in equilibrium. 

(3) Draw a force polygon for each joint showing the external and 
internal forces and letter each intersection of forces with a small letter 


corresponding to the space between the forces in the space diagram. 
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Illustrative Problem.—The stresses in the truss of Fig. 2 will be determined by the 
graphical method for the loads shown. 

The heel joint, joint 1, is the first to be solved. The one-half panel load at the 
joint and the reaction are combined to give the effective reaction. The force polygon 
for the joint is drawn with the forces parallel to the lines of action shown in the space 
diagram. Since the sum of the horizontal components and the sum of the vertical 
components must equal zero for equilibrium, the polygon must close. The order of 
letters as read around the force polygon indicates the direction of the forces acting 
at the joint and thereby indicates whether a member is in compression or tension. 
If the force acts toward the joint, the member which transmits it must be in com- 
pression; if it acts away from a joint the member must be in tension. 

Joint 2 is the next joint to be solved. The procedure used in the solution of joint 
1 is followed. The known forces are marked with a line across the arrow in the space 
and force diagrams. It should be noted that no more than two unknowns can be 
determined in the solution of any one joint. 

The solutions of joints 3 and 4 follow in order and complete the solutions for the 
truss. 

It is not necessary to draw separate space and force diagrams for each joint, as 
the truss diagram gives the space diagrams for all joints and the force diagrams may 
be combined into one stress diagram as shown in the figure. 
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Illustrative Problem.—The stresses in the King-rod truss of Fig. 3a for the roof and 
suspended-ceiling loads shown will be determined by the graphical method. 

The truss diagram is first drawn to scale and all the external forces (loads and reac- 
tions) are indicated on the diagram. ‘To construct the stress diagram, first plot to 
seale all the loads on the truss rafters, 7.¢., ab, bc, cd, de, and ef. 1 is then laid off from 
a and in opposite direction to ab, be, ete., and R, is laid off from f. The two reactions 
are found to overlap because the suspended loads on the lower chord have the same 
line of action as the loads on the rafters at the panel points above. The left-hand heel 
joint is first considered by plotting the stresses in a clockwise direction around the 
joint. The stress polygon is obtained by drawing bm and ml, from b and J, parallel to 
BM and ML respectively. Tracing this joint through by a continuous clockwise 


SS] 


S 


(a) (b) 


EG 


reading of the forces, bm is found to act toward the joint and ml to act away from the 
joint, which means that these stresses are compression and tension respectively. 

The first lower chord joint from the left reaction is next determined. The forces 
are again traced in a clockwise direction beginning with the known force kl. In this 
force diagram it is found that mn and nk both act away from the joint and members 
MN and NK are, therefore, in tension. 

Joints 3 and 4 are solved in the same manner, which completes the determination 
of stresses, as the stresses on the right-hand side of the truss are equal to those on the 
left. The stress diagram may be completed as a check on the work. 

Illustrative Problem.—The dead load stresses in the Fink truss shown in Fig. 3b 
will be determined by the graphical method. A special feature of this solution is the 
condition encountered at joint 4 which may at first appear to be an indeterminate 


condition. 
The truss diagram is drawn to scale and the loads and effective reactions are 


plotted. 
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The joints are solved in the usual manner in the order indicated on the truss dia- 
gram. Bringing the solution from left to right, a condition which cannot at once be 
solved is met at joint 4. There are three unknowns cp, po, and on. It is seen on 
inspection that the stress in the members DQ, QR, and RK will remain the same 
regardless of the web members toward the left. OP and PQ are, therefore, cut out and 
replaced by the dotted member P’Q. Joints 4, 5, and 6 are determined with this 
assumed member in place, and joint 6 is then corrected by throwing out the dotted 


fe 75" ae 
io aaa ae or es 10 3A | 
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member and replacing the members OP and PQ. The stresses in the members OP 
and PQ are then determined by the solution of joint at their intersection. 

The solution may be obtained in another manner, by solving algebraically for the 
stress in RK and laying it off to scale on the stress diagram, so that joint 6 can be 
determined before joint 4. 

Illustrative Problem.—The stresses are required in the three-hinged arch truss of 
Fig. 4, 

The reactions may be found graphically but the algebraic solution is more simple. 
After the components of the reactions are determined the stresses may be found by 
the usual stress diagram beginning at either reaction and determining stresses at 
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consecutive joints, as shown in Fig. 4. The solution could, of course, be accomplished 
by beginning at the crown hinge. 

Illustrative Problem.—The stresses are required in a cantilever truss loaded as 
shown in Fig. 5a. 

The reactions of the truss are determined graphically in Fig. 5a, as explained in the 


Hig: 5. 


chapter on ‘‘Reactions” in Sec. 1. The method of determining the stresses is the 
same as in the preceding illustrative problems. 


5. Wind Load Stresses by the Graphical Method.—In the illustrative 
problems which follow, stresses will be found in trusses due to wind load 
under the following conditions: (1) Rollers on the leeward side of truss, 
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(2) both ends fixed, and (8) rollers on the windward side of truss. The 
wind load is considered as that component of a horizontal wind force, nor- 
mal to the plane of the roof. 


Illustrative Problem.—In Fig. 5b, the external force polygon is first drawn with the 
loads parallel to the wind loads on the truss. The reaction, M2, can be drawn vertically 
because it is transmitted through rollers, but the direction of R, is not known so the 
polygon cannot be completed. The reactions will, therefore, be determined by means 
of the force and equilibrium polygons. R, will be assumed as parallel to the wind 
load and the closing string will give the direction of the ray Oe’. Now because fi must 
take the entire horizontal component of the wind load and because Fz acts vertically, 
a horizontal line drawn from e’ to e will give the point of intersection of the two reac- 
tions. These reactions may be checked by considering the total wind load and the 
two reactions as three forces acting on the truss. Since the directions and points of 
application of the resultant of the wind load and the reaction R» are known, the 
two forces may be extended to their point of intersection, d; and, since the point of 
application of R; is known, the direction of the force will be from d to the point of left 
reaction. The determination of this direction makes it possible to complete the exter- 
nal force polygon and obtain a check on the first solution for reactions. 

The stresses are now determined by drawing a force polygon for each joint. It 
should be noted that the web members in the leeward side received no stress. 

Illustrative Problem.—The wind stresses in the Scissors truss of Fig. 5¢ will be 
determined by the graphical method under the assumption that the reactions are 
parallel when both ends of the truss are fixed by an anchorage to solid masonry walls. 

The space diagram is drawn with the lines of action of the loads extended so that 
the equilibrium polygon can be drawn. The reactions are determined by the ray, 
Oe, which is parallel to the closing string of the equilibrium polygon. 

The stresses are determined by beginning at the left-hand heel joint and following 
through in the order indicated. As in the previous problem no stress is found in the 
web members on the leeward side of the truss. Some stresses are produced in this 
truss.due to wind load which are opposite in direction to those produced by dead loads. 
Stresses should be carefully determined in roofs of such extreme pitch. 

Illustrative Problem.—The wind load stresses are required in the Fink truss of 
Fig. 5d. 

The wind load reactions upon the Fink truss of Fig. 5d will be determined in a 
different manner than that used for the determination of the reactions in Fig. 5b. 
The load line is plotted as usual and a pole from which the rays are drawn is selected. 
The line of action at the left support is known, but the point of application is the only 
element of the right reaction which is known ‘The equilibrium polygon, is, therefore, 
begun at the right-hand heel joint so that the intersection of the strings can be made 
on the line of action of the force. The string parallel to the ray Oe is first drawn. 
The others are drawn in consecutive order from that one parallel to Od to the one paral- 
lel to Og. Since the line of action at the left support is vertical, the point of inter- 
section with the string can be obtained. The closing string between the forces which 
form the two reactions is then drawn and the ray, Of, is drawn parallel to it. The 
intersection at f with the vertical line through g gives the left reaction, fg. The force 
ef, which is the right reaction, is drawn to the point of intersection of the vertical 
force through g and the ray Of. 

These reactions may be checked by extending the line of the left reaction and the 
line of the resultant of the wind loads to a point of intersection shown at 2, and drawing 
the right reaction through the right-hand heel joint and point, . Since the truss’ 
is in equilibrium the two reactions and the resultant of the wind loads must form a sys- 
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tem of three concurrent forces. The extended forces drawn to point x give a space 
diagram from which the force diagram, gef, may be drawn. 

The stress diagram is begun at the left-hand heel joint and the joints are taken in 
consecutive order until the joint at the middle point of the rafter is reached, at which 
the condition encountered in the Fink truss in Fig. 2b is again met. The difficulty is 
removed by replacing the members NO and MN by the dotted member shown and 
carrying the solution through until fp is determined, after which the corrections are 
made as before. It should be again noted that the web members on the leeward side 
of the truss take no stress. 


ROOF TRUSSES—STRESS DATA 
By W. 8. KInNE 


6. Stress Coefficients.—Where the stresses are to be calculated for a 
great many structures, in which the type of truss and the character of 
loading are exactly the same, the time spent in stress calculation can be 
reduced greatly by the use of stress coefficients. A type of structure to 
which the calculation of stresses by coefficients is readily adapted is the 
roof truss, for which in general the applied loads consist of equal panel 
loads placed at.the panel points of the truss. Since in general it is possible 
to arrange the calculations so that the only variable is the amount of 
the equal applied loads, which for convenience are taken as unit loads, the 
stresses in all members of the truss can be expressed as a function of the 
form of the truss and the position of the loads. This factor is known as a 
stress coefficient. If then, the panel loads are determined, subject to 
conditions depending upon the size of the truss and the intensity of 
the applied loads, the stress in any member is obtained by multiplying 
the actual panel load by the stress coefficient for the member in question. 

In the present chapter, tables of stress coefficients have been worked 
out for some of the standard forms of roof trusses. A general formula is 
given by which the stress coefficient for any member is expressed in terms 
of the form of the truss. Special numerical values of these coefficients 
have been calculated and are tabulated for a few of the pitch ratios gen- 
erally used in practice. A more complete discussion of the conditions to 
which the tables apply will be given in the following articles. 


The numerical values of the stress coefficients given in the tables at the end of this 
chapter have been expressed to three significant figures. Therefore, all stresses cal- 
culated from these tables are accurate only to three significant figures. For example: 
Suppose that the panel load for a given truss is 3,520 Ib., and suppose that the stress 
coefficient for the member whose stress is desired is 4.52. Assuming three figure 
accuracy, the stress in the member is 3,520 X 4.52 = 15,900 Ib. It is of course pos- 
sible to multiply out thcse quantities, obtaining the result, 3,520 x 4.52 = 15,910.40 
lb. But since in calculating the coefficients we retain only three significant figures, the 
coefficient 4.52 may mean anything from 4.515 to 4,525, and the corresponding prod- 
ucts will be 3,520 X 4.515 = 15,892.80, and 3,520 < 4.525 = 15,928.00. However, 
as the original data is accurate only to three places, it is quite evident that the result 
of any manipulation of these data can be accurate only to the same number of places. 
If we decide to retain only three significant figures in the above multiplications, we pro- 


168 STRESSES IN FRAMED STRUCTURES . [Sec..2=7 


ceed to discard any figures in the fourth place below a five, and retain any figure in the 
fourth place above the five by changing the third significant figure to the next higher 
number. ‘Thus in'each case the result is found to be 15,900 lb. It will be noted that 
in each case the change made is less than 1 per cent of the result. Stresses obtained 
with this degree of accuracy are close enough for all designing conditions. 

If the designer desires more accurate results, he can make the proper substitutions 
in the general formulas for the stress coefficients, retaining the desired number of 


significant figures. 


7. Arrangement of Tables of Stress Coefficients—Notation Adopted.— 
The tables of stress coefficients given at the end of this chapter have been 
made up for some of the standard forms of roof trusses. In each of these 
tables, a truss diagram shows the form of the truss and the position of the 
applied loads. Each member of the truss is represented by a number, 
which is placed on the truss diagram. By locating the member whose 
stress is desired, its reference number can be determined, and by looking 
up this reference number in the table, the stress in the member can be 
determined. Where several members have equal stresses, the same ref- 
erence number has been used. 

Two methods have been used to indicate the kind of stress in the mem- 
bers. One method indicates the character of the stress by the weight of 
the lines used in the loading diagram at the head of each table. Heavy 
lines denote compression, light lines denote tension, and dotted lines 
denote zero stress. The other method indicates the character of the stress 
by means of the sign used with the numerical value of the stress coefficient. 
A plus sign is used to indicate tension, and a minus sign is used to indicate 
compression. ‘There are a few members in the trusses of Tables 27 and 28 
for which a reversal of stress occurs. In such cases the sign given with 
the stress coefficient must be used to obtain the character of the stress. 


In deriving the stress coefficients, it was found convenient to express them in terms 
of the ratio of span length to height of truss at the span center. The resulting ratio, 


which is denoted by n, is given by the expression n = : ;where 7 = span length and 


h = height of truss. It will be noted that this ratio is the reciprocal of the pitch of 
the truss. In calculating the numerical values of the stress coefficients, substitutions 
were made in the general formulas for the pitch ratios in general use. If values for 
other pitch ratios are desired, they can be obtained by interpolation from the values 
given in the tables, or they can be calculated directly from the general formulas. 


8. Stress Coefficients for Vertical Loading.—T ables 1 to 26 give stress 
coefficients due to vertical loading for several of the types of trusses 
commonly used for roofs. Two general cases will be considered: (a) 
equal loads applied at all top chord panel points, known also as roof loads; 
and (b) equal loads applied at all lower chord points, known also ag 
ceiling loads. These cases will be discussed separately. 

8a. Roof Loads.—Tables 1 to 17 give stress coefficients for 
Fink, Fan, Pratt, and Howe trusses of various numbers of panels due to 
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equal vertical loads applied at the top chord points. Tables 15, 16, and 
17 are for Fink trusses for which the lower chord has been cambered for 
the sake of appearance. This introduces another variable, k, by means 
of which the rise of the lower chord member is expressed as a fractional 
part of the height of the truss. Numerical values of the stress coefficients 
have been calculated for the usual values of n and for three values of k. 

8b. Ceiling Loads.—Where the top and bottom chord panel 
points lie on the same vertical line, as in the Pratt trusses of Tables 7 to 10 
and the Howe trusses of Tables 11 to 14, stress coefficients for panel loads 
applied at the lower chord points can be obtained from those given for 
roof loads by the application of a simple rule. This rule is as follows: 
Stress coefficients due to ceiling loads for all members in Pratt and 
Howe trusses, except verticals, are the same as given in Tables 7 to 14 for 
roof loads. Stress coefficients for stresses in vertical members due to 
ceiling loads can be obtained from the values given in Tables 7 to 14 by 
adding +1 (algebraic addition) to the stress coefficients for roof loads. 
By adding +1 algebraically, the sign of the result will indicate the 
character of stress in the vertical (+ = tension, — = compression) and 
the numerical value will give the amount of the stress. 


As an example of the application of this rule, suppose that the stress coefficients 
are desired for the vertical members of the Howe truss of Table 12. Note that the 
stresses in vertical members are independent of the value of n. Applying the above 
rule to member 6, the stress coefficient for a ceiling load isO + 1 = +1, ora tension of 
1, as indicated by the plus sign. Likewise for member 7 we have +1 + 0.5 = +1.5, 
or a tension of 1.5. 

Applying the same rule to the Pratt truss of Table 8, the stress coefficient for mem- 
ber 3 due to ceiling loads is +1 — 1 = 0, or zero stress. For member 4 we have 
—1.50 + 1.00 = —0.50, or a compression of 0.50. For member 10, we have 
0 + 1.0 = 1.0, or a tension of 1. 


The rule given above does not apply to the trusses of Tables 1 to 6 
and 15 to 17. Special tables of stress coefficients for ceiling loads are 
given for these trusses in Tables 18 to 26. Tables 18 to 21 are for unsym- 
metrical loads such as lines of shafting, heavy pipe lines, or machinery 
loads. Tables 22 and 23 are for symmetrical loads, such as ceiling or 
floor loads, and can be made to include the weight of purlins, floor or 
ceiling joist, floor and ceiling loads, and live loads applied to an attic 
floor. 

If stresses are desired for all lower chord points loaded, the stresses 
calculated for the partial loads, as given by Tables 22 and 23 can be added 
to obtain the total stresses. It will usually be found that stress calcula- 
tions can be made by this process in less time than is required by the 
graphical methods given in the chapter on ‘‘Simple Roof Trusses.” 

Tables 24 to 26 for a cambered Fink truss are similar to Tables 21 to 


23 for the straight chord Fink truss. 
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9. Stress Coefficients for Wind Loads.—It may be pointed out that 
for trusses of the Fink, Fan, Pratt, and Howe type, wind stresses calcu- 
lated for a vertical loading represent fairly well the effect of wind loads. 
The stress coefficients of Tables 1 to 17 can be used for this assumed 
wind loading. 

In case a more exact determination of wind stresses is desired, stress 
coefficients have been worked out for Fink and Howe trusses for wind 
loads applied normal to the windward roof surface. Since wind loads 
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acting normal to the roof surface cause reactions which have horizontal 
components, the stress will depend upon the conditions at the points of 
support. Figure 6 shows the conditions assumed at the supports. Cases 
I, II, and III are intended to represent conditions in steel trusses, where 
provision for expansion due to temperature changes must be made at the 
walls. Three common assumptions are shown in Fig. 6. It will be noted 
that these assumptions affect the stresses in the lower chord member only, 
and the tabulation of stress coefficients is arranged accordingly. Case IV 
represents conditions in small steel trusses, and in all spans of wooden 
trusses, for in these spans expansion due to temperature need not be 
considered. 
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Value of n 


See General formula cid 
3 23 4 5 6 
@ = 33° — 41’ | @ = 30° = 26° — 34’ | 9 = 21° — 48’ | 6 = 18° — 26’ 

1 |-WN =) —3.00 —3.35 —4.04 —4,74 

Ww 
Be an 8”? + 4) —2.15 —2.50 —2.91 —3.67 —4,.43 

Wn 
Sa eae —0.832 —0.866 —0.894 —0.929 —0.949 
4 |4+14Wn +0.750 +0.868 +1.00 “11.25 +1.50 
5 |4+34Wn +225 +2.60 +3.00 +3.75 +4.50 
6 |+14Wn +1.50 +1.73 +2.00 +2.50 +3.00 


+ 


= tension 


ccmpression 
. 
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Taste 2.—StTrRess CoEFFICIENTS—CoOMPOUND FINK TRUSS 


Value of n 
Member; General formula 
3 2/3 4 5 6 
9=33°—41’ | @=30° | 9=26°—34’ | @=21°—48’ | 6=18°—26' 
1 —UWN = (Boel —7.00 =7 53 29.42 ie = 1107 
2 —\,WN(7N2-8) S78 —6.50 = 738 —9.05 —10.75 
3 —\{WN(7N2-16)| —5.20 —6.00 —6.93 —8.68 —10.43 
4 —\WN(7N2—-24)| —4.65 —5.50 —6.48 S81 —10.12 
5 Wie —0.832 —0.866 —0.894 —0.929 —0.949 
6 ae = 11.68 Se =1.79 —1.86 = R90 
7 +4Wn +0.750 +0.868}  +1.00 +1.25 +1.50 
8 +44 Wn +1.50 Sill FB +2.00 +2.50 +3.00 
9 +34Wn 42.25 +2.60 +3.00 +3.75 +4.50 
10 +14 Wn +525 +6.07 +7.00 +8.75 +10.50 
11 +34Wn +4.50 +5.20 +6.00 +7.50 +9.00 
12 +Wn +3.00 +3.46 +4.00 +5.00 +6.00 


ee 


+ = tension — = compression 
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TaBLe 3.—StrREss CoErricients—CompounpD Fink Truss 


Value of n 


Member General formula 


3 2/3 4 5 6 
6=33°—41’ | @=30° | 6=26°—34’ | 9=21°—48” | 9=18°—26/ 


1 —#4%WN =8.11 —9.00 —10.06 =42712 — 14,21 
W 

2 4a (On? +28) —7.55 —8.50 — 9.62 —11.75 —138.91 
Ww 

3 —o (87n? +100) —6.00 —6.80 — 7.74 — 9.52 —11.31 
Ww 

4 — My, (n2+4) —6.44 —7.50 — 8.72 =i). —13.28 
Ww 

5 — 45, On?-+4) —5.88 —7.00 — 8.28 —10.63 —12.98 

6 We —0.832 —0.866 — 0.894 — 0.929 — 0.949 

nQ 
a —340W a, —1.31 —1.38 — 1.45 — 1.56 — 1.66 
8 +\Wn +0.750 +0.868 + 1.00 + 1.25 + 1.50 
a | | EE 

9 +34Wn +2.25 - +2.60 + 3.00 + 3.75 + 4.50 

10 +Wn +3.00 +3.46 + 4.00 + 5.00 + 6.00 

11 +%Wn +6.75 +7.79 -+- 9.00 +11.25 +13.50 

12 +2Wn +6.00 +6.92 + 8.00 | +10.00 +12.00 

13 4+54Wn 23775 +4,34 + 5.00 + 6.25 + 7.50 


a EEE 
+ = tension — = compression 
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Taste 4.—Srress CorrricIents—Fink TRUSS WITH VERTICALS 


| Value of n 
Mem-| General 
ber formula : 2/8 4 5 5 
@ = 33° — 41’ 6 = 30° @ = 26° — 34’ | 9 = 21° — 48’ | 9 = 18° — 26’ 
1 | -KWN —6.31 —7.00 —7.83 —%,42 —11.07 
2 |-W | —1.00 —1.00 —1.00 —1.00 —1.00 
3 | -2W —2.00 —2.00 | —2.00 —2.00 —2.00 
en Rg ale ie ey, 41.32 1,41 +1.60 eon 
5 | +}44Wn +0.750 +0. 868 +1.00 +1.25 +1.50 
6 | +344WM +2.50 +2. 64 +2.82 +3.20 +3.60 
7 | +347M | +3.75 43.96 | +4. 23 +4.80 +5.40 
8 | +74Wn +5.25 +6.07 +7.00 +8.75 +10.50 
9 | +38¢Wn +4.50 +5.20 +6.00 +7.50 +9.00 
10 ew +3.00 +3.46 +4.00 +5.00 +6.00 


+ = tension — = compression 
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Value of n 
Member General formula a 
3 2/3 4 5 | 6 
@ = 33° — 41’| 6 = 30° | 6 = 26° — 34’| 6 = 21° — 48’ | @ = 18° — 26’ 
is —54WN —4.51 —5.00 —5.59 —6.73 —7.91 
W 
2 — Hay (13? — 16) —3.54 —4.00 —4.55 —5.59 —6.64 
Ww 
3 2x (LS? — 48) —3.40 —4.00 —4.70 —5.99 —7.27 
4 |= Wht + 36)”2| —0.930 | —1.00 —1.08 Sey S134 
5 +%Wn +1.50 +1.73 +2.00 +2.50 +3.00 
6 +54Wn +38.75 +4.33 +5.00 +6.25 +7.50 
di +34Wn +2.25 +2.60 +3.00 +3.75 +4.50 
+ = tension — = compression 
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TABLE 6.—STRESS COEFFICIENTS—COMPOUND Fan Truss 


Value of n 
Mem- General formula A 
ber 3 2/3 4 5 6 
|@ = 33° — 41’| 6 = 30° | 6 = 26° — 34’) 6 = 21° — 48’ | @ = 18° — 26’ 

1 —114WN —9.92 —11.00 —12.30 —14.81 —17.39 
W 

2 —Haq BLN? — 16) —8.95 —10.00 —11.25 —13.66 —16.13 
W 

3 — Hay 33N? — 48) —8.81 —10.00 —11.40 —14.07 —16.76 
Ww 

4 |—May, (83N? — 72) —8.25 —9.50 | —10.96 13570 —16.44 
Ww 

5 — ag, (31N? — 88) —7.28 —8.50 —9.91 | —12.55 -—15.18 
Ww 

6 Hey (33N2 — 120) —7.14 —8.50 —10.06 —12.95 —15.93 
n 4 

i —4Wa + 36)’ —0.930 —1.00 —1.08 —1.21 —1.34 

Wn 

8 SING —2.50 —2.60 —2.68 —2.79 —2.85 

9 +k%Wn +1.50 +1.73 +2.00 +2.50 +3.00 

10 +34Wn +2.25 +2.60 +3.00 +3.75 +4.50 

11 +54Wn +3.75 +4.33 +5.00 +6.25 +7.50 

12 +114 Wn +8.25 +9.53 +11.00 +13.75 +16.50 

13 +%Wn +6.75 +7.79 +9.00 +11.25 +13.50 

14 +34Wn +4.50 +5.20 +6.00 +7.50 +9.00 


+ = tension - = compression 
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Taste 7.—StTREsS CoEFFICIENTS—PRATT Truss—4 PANELS 


Value of n 
Mem- General 
ber formula 
3 2/3 4 5 6 
33° — 41’ | @ = 30° | @ = 26° — 34’| 6 = 21° -- 48’ | 6 = 18° — 20 
1 —34WN —2.70 —3.00 —3.35 —4.04 —4.74 
2 —-W —1.00 —1.00 —1.00 —1.00 —1.00 
Ww 14 
3 Rigg Ott 16) +1.25 +1.32 +1.41 +1.60 +1.80 
4 +34Wn +2.25 +2.60 +3.00 +3.75 +4.50 
5 +12Wn +1.50 +1.73 +2.00 +2.50 +3.00 
6 0 0 0 0 0 0 


+ = tension 


12 


For loads on lower chord see Art. 8b. 


compression 
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TABLE 8.—SrrEss CoEFFICIENTS—PRAT?T Truss—6 PANELS 


Value of n 
Mem- General 
ber formula 3 24/3 4 Q . 
6 = 33° — 41’ | 6 = 30° | 6 = 26° — 34’ | 6 = 21° — 48’ | 6 = 18° — 26’ 
1 | —34WN =4y5 —5.00 —5.59 =6n73 i Oil 
2) | —WwNn —3.61 S00! Aaa —5.39 —6.32 
8 | Ry —1.00 —1.00 —1.00 =1.00 —1.00 
4 | -—3W = 1/50 —1.50 —1.50 —1.50 —1.50 
W 1g : 
5 sama 16) +1.25 +1.32 +1.41 +1.60 +1.80 
Ww 
6 | +p 0+ 36)"2| - +1.68 41.73 +1.80 +1.95 42.12 
i +54Wn +3.75 +4.33 +5.00 +6.25 +7.50 
8 +Wn +3.00 +3.46 +4.00 +5.00 +6.00 
9 +34Wn +2.25 +2.60 +3.00 +3.75 +4.50 
10 0 0 0 0 0 0 
+ = tension — = compression 


For loads on lower chord see Art. 8b. 
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TaBLE 9.—STRESS Com ncn eeiee Truss—8 PANELS 
P W ia W n=¥ J 
W EOIN W N=(n44) 
feck ® AIS 
Value of n 
Member| General formula 
3 2/3 4 5 6 
@ = 33° — 41’| @ = 30° | 6 = 26° — 34’ | 6 = 21° — 48/| @ = 18° — 26’ 
1 —14WN —6.31 —7.00 —7.83 —9.42 —11.07 
2 —33WN —5.41 —6.00 —6.71 —8.08 — 9.49 
3 —54WN —4,51 —5.00 —5.59 —6.73 — 7.91 
4 -W —1.00 —1.00 —1.00 —1.00 — 1.00 
5 —3¢W —1.50 —1.50 —1.50 —1.50 — 1.50 
6 —2W —2.00 —2.00 —2.00 —2.00 — 2.00 
7 +34 W (n2 + 16)%2 +1.25 +1.32 +1.41 +1.60 + 1.80 
8 444W(n? + 36)” +1.68 +1.73 +1.80 +1.95 + 2.12 
9 44 Wint + 64)” +2.14 +2.18 +2.24 +2.36 + 2.50 
10 +14Wn +5.25 +6 .06 +7.00 +8.75 +10.50 
11 +3¢Wn +4.50 +5.20 +6.00 +7.50 + 9.00 
12 +54Wn +3.75 +4.33 +5.00 +6.25 + 7.50 
13 +Wn +3.00 +3.46 +4.00 +5.00 + 6.00 
14 0 0 ) ) 0 0 
ere ee a compression 


For loads on lower chord see Art. 8b. 
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TABLE 10.—SrrEess ComFrricients—Pratr Truss—10 PANELS 
m “lw " n-£ 
y rein ive N=(n4ye 
Value of n 
ee General formula 
3 2/3 4 5 6 
6 = 33° — 41’ | 6 = 30°| 6 = 26° — 34’ | 6 = 21° — 48’ | 6 = 18° — 26 

1 | -%WN =15, iil —9.00 —10.06 =12)12 —14.23 

9 | -2ww =f Dil —8.00 — 8.94 =O —12.65 
3 | -WN =6,8 —7.00 — 7.83 = Oe TO 
4 | —34WN —5.41 —6.00 = 7A — 8.08 — 9.49 
5 |-W —1.00 —1.00 = 1,00 =) 1.00 = 1,00 
6 | —3W —1.50 —1.50 = 50 — 1.50 = 4, 
7 | -2W —2.00 —2.00 — 2.00 = DOD = 2500 
8 | —55W —2.50 —2.50 = 9.50 = 2.50 92250 
9 +n + 16)”2 +1.25 +-1.382 ah. Gaul + 1.60 4 110 
10 + int + 36) +1.68 4.78 + 1.80 + 1.95 + 2.12 
11 +2 t 64)72 42.14 +2.18 + 2.24 + 2.36 + 2.50 
12 + Tt 100)}4 +2.61 +2.65 + 2.69 + 2.80 + 2.92 
13 | +94Wn +6.75 +7.79 + 9.00 +11.25 +13.50 
14 | +2Wn +6.00 +6.93 + 8.00 +10.00 +12.00 
15 |+1%4Wn +525 +6.06 + 7.00 + 8.75 +10.50 
16 | +3¢Wn +4.50 +5.20 + 6.00 + 7.50 + 9.00 
17 | +54Wn +3.75 +4.33 + 5.00 + 6.25 + 7.50 
18 0 0 0 0 0 0 


+= 


tension 


= compression 


For loads on lower chord see Art, 8b. 
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TasLe 11.—Srress Corrricients—Howrn Truss—4 PANELS 


Value of n 
Niember General 
formula 
3 4 5 6 
@ = 33° — 41’ | 8 = 30° | 0 = 26° — 34’ | 6 = 21° — 48’ | 9 = 18° — 26’ 
1 —34WN —2.70 —3.35 —4.04 —4 74 
2 —l4WwNn —1.80 —2,24 —2.69 —3.16 
3 —l\4WwN —0.900 —1.12 —1.35 —1.58 
4 0 0 0 0 0 
5 +W +1.0 +1.0 +1.0 +1.0 
6 +34Wn 42.25 +2.60 +3.00 43.75 +4, 50 


+ = tension 


For loads on lower chord, see Art. 8b. 


— = compression 
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TaBLE 12.—Srress Coprricrents—Howr Truss—6 PANELS 


nf 


ny Mn at 
W 


Value of n 
ey _General formula 
3 21/3 4 5 6 
6 = 33° — 41’ | 6 = 30° | 6 = 26° — 34’ | 6 = 21° — 48’ | 6 = 18° — 26’ 

1 | -34WN —4.51 | —5.00 —5.59 —6.73 —7.91 

2 —WN —3.61 —4.00 —4.47 —5.39 —6.32 
ae —34WN —2.70 —3.00 —3.35 —4.04 —4.74 
ey ee SvwNe —0.900 =1.00 —1.12 —1.35 —1.58 
Sree 34 Win?-+ 16)" —1.25 —1.32 —1.41 —1.60 —1.80 
a 0 0 0 0 0 (0) 

7 +4 +0.500 +0.500 +0.500 +0.500 +0.500 
gs | +2r wis: +2.00 +2.00 Ne +2.00 +2.00 
a +54Wn ie +3.75 +4.33 +5.00 +6.25 +7.50 

10 +Wn +3.00 +3.46 | +4.00 +5.00 +6.00 

+ = tension — = compression 


For loads on lower chord see Art. 86. 
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TasLe 13.—STRESS COEFFICIENTS—Howr Truss—8 PANELS 


Value of n 
Member} General formula 
3 23 4 5 6 
0 = 33° — 41’| 6 = 30° = 26° — 34’ = 21° — 48’ | 6 = 18° — 26’ 
1 —14WN —6.31 OO) —7.83 —9.42 —11.07 
2 —3eWN —5.41 —6.00 —6.71 —8.08 — 9.49 
3 —34WN —4.51 —5.00 —5.59 —6.73 — 7.91 
seen —-WN =o oH —4.00 ar —4.47 lion) — 6.32 
5 —\4WwNnN —0.900 —1.00 pose —1.35 — 1.58 
6 —\4W(n2 + 16)” —1.25 —1.32 —1.41 —1.60 — 1.80 
tf —\4W(n2 + 36)% =—1),68 —1.73 —1.80 —1 595 — 2.12 
8 0 0 0 0 0 2 0 
9 +14W 40.500 +0.500 +0. 500 +0.500 + 0.500 
10 aie +1.00 +1.00 +1.00 +1.00 + 1.00 
il +3W +3.00 — +3.00 +3.00 +3.00 + 3.00 
12 +14Wn +5.25 +6.06 +7 .00 +8.75 +10.50 
13 +34Wn +4.50 +5.20 -+6.00 +7.50 + 9.00 
14 +54Wn 43.75 +4.33 +5.00 46.25 + 7.50 


re 
+ = tension — = compression 


For loads on lower chord see Art, 8b. 
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Tasie 14.—Srress Corrricients—Hower Truss—10 PANELS 
W y pe 
W Wat 
1 RSNV ok 
Value of n 
Member} General formula 
3 2/3 4 5 6 
9 = 33° —41’| @ = 30° | 6 = 26° — 34’| 6 = 21° — 48’| 9 = 18° — 26’ 
1 —94WN —8.11 —9.00 | — 10.06 —12.12 —14.23 
2 —2WN —7.21 —8.00 — 8.94 —10.77 —12.65 
3 —W,WN —6.31 —7.00 cae 7.83 — 9.42 ' —11.07 
4 —34WN —5.41 —6.00 — 6.71 — 8.08 — 9.49 
5 —54WN —4.51 —5.00 — 5.59 — 6.73 — 7.91 
6 —-\YWN —0.900 —1.00 — 1.12 — 1.35 — 1.58 
7 —\4W(n2 + 16))2 —1.25 —1.32 — 1.41 — 1.60 — 1.80 
8 —\4W(n? + 36))2 —1.68 —1.73 — 1.80 — 1.95 — 2.12 
9 —}4(n2 + 64)}% —2.14 —2.18 ee 2.24 — 2.36 — 2.50 
10 0 ) ) 0 ) 0 
11 +1460 +0. 500 +0.500; + 0.500 + 0.500 + 0.500 
12 +W +1.00 +1.00 + 1.00 + 1.00 + 1.00 
13 +32W +1.50 +1.50 + 1.50 + 1.50 + 1.50 
14 +4W +4.00 +4.00 + 4.00 + 4.00 + 4.00 
15 +94Wn +6.75 +7.79 + 9.00 iii oe +13.50 
16 +2Wn +6.00 +6.93 + 8.00 +10.00 : +12.00 
17 +4Wn +5: 25 +6.06 + 7.00 + 8.75 +10.50 
18 +3¢Wn +4.50 +5, 20 + 6.00 | 47.50 — + 9.00 
re ee eee 


+ = tension 


— = compression 
For loads on lower chord see Art. 8b. 
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Tasie 15.—Stress Conrricisnts—CAMBERED Fink Truss 
Ne 

Nz neat i 
D=[Ni16k(-Ky 


Mem- General 7 
ber formula k = 
3 24/3 4 5 6 
6=33°—41’ | 6=30° | 9=26°—34’ | 96=21°—48’ | 9=18°—26/ 

Mol sell Seas —4.03 —4.90 =o5.st 

(N2 — 8k) LES fe re ae | 2) 2 a | ee ee 
1 —4Wra — 3h) Al RB || 383043 —4,25 —5.20 = 6,17 
We MA aT —4.70 —5.78 —6.89 
Wi) SO) BIS —3.49 —4.54 —5.51 

[8n2 — 8(1 + k)] = =i % re 
2 = noi 4K Dil 3.25 3.80 4.83 5.85 
WA) 83.(08) | 83,083 —4.25 —5.41 —6.57 
Wn 
3 — = 0.832 0.866) —0,.804 —0.929 —0.949 
SOE OSmanE = E26 +1.48 +1.87 +2.26 
4 ey Wee “is +1.20 2 +1.64 -+2.08 tei) 52 
eC =2k) =k) 
Wal tag 7B} ae aa) +1.98 +2.52 +3.06 
ie ees ee a ee a 

Mol +2.65 |+38.09 +3.62 +4.57 +5,52 

D oa es ie | ee a eed | aes oO See re aaa ee | 
ee é : ; ; 5.85 

5 +34 Wang =o) 4 4+2.79 |+3.27 +3.83 +4.85 | a 

| +3.07 |+3.62 +4,24 +5.40 +6.56 
weal seilee | BMstaee3 “91 22 LO), 7p) TER} ER} 
Ww Tle 72) -ed.98 +2.29 +2.86 +3.34 

6 +4 = ai A aes 2 ee lee da 2 Et a 
1g; +1.80 |+2.08 42.40 +3.00 +3.60 


+ = tension — = compression 
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TABLE 16.—SrREsS CobFFICIENTS—CAMBERED Compounp Fink TRUSS 


ic 


: D-Witu(-wyt 


aS 


Value of n 
Mem- General % 
ber formula k 3 2/3 4 5 6 
@ =33° —41’ | @=30° | @ =26° —34’ | 0 =21° —48’ | 6 =18° —26’ 
Yo —7.39 —8.31 — 9.40 —11.46 —13.56 
In? + 4(1 — 2k)] | 47 
1 Ty eee EG —7.79 —8.75 — 9.93 —12.14 —14.42 
“AW N( — 2h) ve $$ —_|——_—____—_. 
6 —8.49 —9.63 —10.96 —13.49 —16.04 
Vo —6.84 —7.81 — 8.95 —11.08 —13.25 
iz7v2 = 20 Gs 27) ||| eee | ese re | 
2 —7.23 —8.25 — 9.48 —11.76 —14. 
ks cmeey ne je 19 
46 —7.94 —9.13 —10.51 —13.11 —15.72 
Vo —6.29 —7.31 — 8.50 —10.70 —12.94 
[7n2+12(1 —2h)] manera erie pao 
3 = pS SE —6. —7. — 9. ae —I3: 
YWUwW Wie oD ns 6.67 7.75 9.03 11.38 13.78 
1% —7.39 —8.63 —10.06 —12.74 —15.40 
Ko —5.74 —6.81 — 8.05 —10.32 —12.63 
[7n2 +4(1 — 2k)] parecanrar 
4 cy 1 — 6 — S 5 aS ‘ — 
14 W. Wa = ab) 4 6.11 7.25 8.58 11.00 13.46 
54 —6.83 —8.13 — 9.61 —12.37 —15.08 
5 US —0.832 |—0.866] — 0.894 — 0.929 — 0.949 
6 Pai S106 |e = Ke = ie — 1.90 
Mo +0.884 |+1.030} + 1.20 + 1.52 + 1.85 
D EAE 2 ee 
7 AW or) | +0.933 |+1.09 | + 1.29 + 1.62 + 1.96 
x 54 +1.02 +1.21 + 1.41 + 1.80 + 2.19 
Yo +2.16 +2.52 + 2.95 + 38.73 + 4.51 
D(i +k) 
8 +4 Wa op ob 4 +2.40 +2.80 + 3.29 + 4.15 + 5.04 
re +2.87 +3.37|] + 3.96 + 5.04 + 6.12 
Mo +3.04 +3.57 + 4.15 + 5.24 + 6.34 
D(Zict= 7b) al eae ee ae Lo. = 
a \% +3,88 +4, 58 + 5.37 + 6.85 + 8.30 
Ho eG Sao e + 8.45 +10.68 +12.91 
nD a 
10 thw a5 me +6.54 +7. 64 + 8.95 +11.31 +13.71 
—— 46 +7.17 +8.44 + 9.90 +12.61 +15.71 
Vo +5.30 +6.20 + 7.25 + 9.15 +11.09 
11 ee8s eee %| +8.61 |+6.65 
Nd — 26) : . + 7.68 + 9.70 +11.76 
46 +6.15 +7. 23 + 8.48 +10.81 +13.49 
io +3.34 +3.85 + 4.44 + 5.55 + 6.66 
e Be ee | oct ec 
12 +Waay 04 +3.43 +3.96 | + 4.57 + 5.72 + 6.86 
46 +3.60 +4.16| + 4.80 + 6.00 + 7.20 
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TasLe 17.—StTRESS CoEFFICIENTS—CAMBERED Fan TRuss 


YY 


Lah ae 
N=(n44j2 
DW = 16k (-ky 


Value of n 
Mem- General 
ber formula ie = 
3 21/3 4 5 6 
6 =33°—41’| @=30° | 0=26°—34’| @=21°—48’ | 9=18°—26/ 
| 
Mo] —5.28 =HO4) SB iril —8.18 = 9.70 
fat eA Sh) I | 
1S: few = Ss wi = $i! 

1 YW = oh é 5.55 6.25 7.09 8.67 10.28 

1 | —6.06 HG.) Sra} —9.64 —11.46 
: l{o| —4.20 = 478i 52 —6.83 = 8.19 
[28gn2+12(1 — 2k)]/_,__| 

2 = 4W ar ony | —4.44 S07] 728 ="8.'70 
y%| —4.89 5.63) =6.48 =i = D7 
449| —4.17 —4.94, —5.81 —7.45 = Of 

[(5n2 +4(1 — 2k)]|_ . — 

3 ANesana— oh S| te = R25 OF 20 =7,02 9.65 
1% |. —4.96 —5.88/ —6.93 —8.89 —10.81 
449| —0.981 | —1.07/ —1.17 =i, ies? 

——E Eee 
Wn [(n?+36(1 —2k)2]2 = S ~ 

4 iss ce) “a 1.00 1.09 1.20 1.39 1.58 
¥% | —1.04 Sia) il OB —1.49 =a 71 
1{o| +2.06 42.41 +2.80 +3.56 + 4.31 

nD (Qe tae) ae eae 93 4.76 

5 tun FG ma |S +2.26 +2.66/ +3.10 +3. +4. 
aes 2866 3.13) 3.67 +4.69 +5.70 
Mo| +4.42 +5.16} +6.03 +7.62 6 (opp 

nD Ay | remem bi caer 
aoe es ; 5.45 6.39 8.08 + 9.80 

6 | +4" xa 26) eh Ssriaes seahorse ete Ne a 
1% | +5.12 +6.03| +7.07 +9.01 +10.92 
Wl 42.50 +2.89! 43,34 +4.17 + 5.00 

7 She ue A 4% | -+-2.57 +2.97| +3.43 +4.28 + 5.15 
1% || +2.70 +3.12| +3.60 +4.50 + 5.40 


+ = tension — = compression 
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TapLe 18.—STRESS CoEFFICIENTS—COMPOUND Fink Truss 


Value of n 
Member General formula = 
3 2/3 4 5 6 
9 = 33° — 41’| 6 = 30° | 6 = 26° — 34’| 6 = 21° — 48’| 0 = 18° — 26 
N 1,479 |~1,665 | —1.880 —2.305 —2.720 
bo | =MePo (int = 4) 4 
az — 4 eP (ant = Ay ==0.576 810.667 1m 02706 —0.957 =15140 
nr 
3 N3 
=HoP-~ —0.326 |—0.333|} —0.349 —0.391 —0.438 
n 
4 N 
he —0.602 |—0.576| —0.559 —0.539 —0.527 
nm 
2 
Die MAbs pe +1.083 |+1.160] +1.250 ceqe4g0 +1.667 
6 N2 
sag Pa 40.542 |+0.580| . +0.625 +0.725 +0.833 
nr 
Ss 
re Vey tic - 2) 41.229 |+1.442] +1.688 +2.139 42.585 
8 N? 
+3{6P—— +0.813 |+0.865|  +0.936 +1.088 {25 
N?2 
ger — 40.271 |4+0.288| +0.312 +0.362 +0.417 
7m? — 4 
Ri | 36% = ) 0.819 0.833 0.844 0.855 0.861 
N2 
oe) MP 0.181 0.167 0.156 0.145 0.139 
r AE cay yik 0.1811 | 0.1672 0.1561 0.1451 0.1391 
ne _ 0.543h | 0.578h 0.625h 0.725h 0.833h 
+ = tension — = compression 


Stress is zero for dotted members, 
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TaBLE 19.—StREss CoErFrFricIENTs—CompounpD Fink Truss 


Value of n 
Mem- General 
ber formula = 
3 2/3 4 5 6 
0 = 33° — 41’ | 6 = 30°| 0 = 26° — 34’ | 6 = 21° — 48’ | @ = 18° — 26’ 
N zs ee 7 x = 
1 —14P™ (gn — 4) 1.152 1.335 1.538 1.915 2.228 
o N3 
ida —0.652 —0.667 —0.699 —0.783 —0.877 
3 IN 
eae +1.083 +1.160 +1.250 +1.450 +1.667 
3n2 — 4 | 
# +p 0068) |-44, 625) 1.372 41.775 42.167 
5 N? 
ae +0.542 +0.580 +0.625 +0.725 +0.833 
3n2—4 
x ypar—*) 0.639 0.667 0.688 0.710 0.723 
N2 
oe Vie 0.361 0.333 0.312 0.290 0.277 
r sie s ve 0.3611 0.3331 0.3121 0.2901 0.2771 
arnt SATs 1.086h 1.156h 1.25h 1.45hA 1.667h 
Eee 3.42) 
BPN es Os 0.2291 0.2501 0.2661 0.2821 0.2921 


+ = tension — = compression 
Stress is zero for dotted members. 
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TasiE 20.—StTRESS CoprricliENTs—CoMPouUND Fink Truss 


Value of n 
Member| General formula 
3 2/3 4 5 6 
6 = 33° — 41’| 6 = 30° | 6 = 26° — 34’| 6 = 21° — 48’| 6 = 18° — 26’ 
N 
1 risk (nt — 4) —1.027 —1.165 —1.329 —1.630 —1.930 
Crs 
2 Sr, pes 38) —1.37 —1.667 —2.00 —2.60 —3.20 
n2=N 
N ‘ 
3 —ieP nt + 4) —0.776 —0.832 —0.910 —1.065 —1.228 
(n2\— 4) 
4 SR aa —0.231 —0.289 —0.336 —0.390 —0.422 
24 
8 +p 4) +0.417 | +0.576|  +0.750 +1.050 +1.33 
(n? — 4) 
6 St eee +0. 208 +0. 288 +0.375 +0.525 +0.667 
3n? + 4 
if +ygp OU) +1.291 +1.44 +1.625 +1.975 +2.333 
(5n? — 4) 
8 D3 62 a gree +0.855 +1.014 +1.188 +1.513 +1.833 
3n?2 + 4 
9 +4gP SE t%) +0.645 +0.720 +0.813 +0.988 +1.167 
5n? — 4 
Ri yep) 0.570 0.583 0.593 0.605 0.611 
(38n2 + 4 
Re wp 0.430 0.417 0.407 0.395 0.389 
(3n? + 4) 
r 1él emerhat 0.4301 0.4171 0.4071 0.3951 0.3891 
eS 
+ = tension — = compression 


Stress is zero for dotted members. 
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TaBLE 21.—Srress Corrricientrs—Compounp Fink Truss 


Value of n 
rember General 
formula es 
3 2/3 4 5 6 
6 = 33° — 41’ | @ = 80° | 0 = 26° — 34’ | 6 = 21° — 48’ | 9 = 18° — 26’ 
Ts —14PN —0.9025 —1.00 —1.117 —1.347 —1.582 
2 +34Pn +0.75 +0. 866 +1.00 +1.25 +1.50 


Value of n 
Mem- General 
ber formula 
3 2/3 4 5 6 
6 = 33° — 41” | 6 = 30° | 6 = 26° — 34” | 6 = 21°, — 48”) 6" = 18° — 26” 
1 —16PN —1.805 —2.00 — 2.235 —2.695 —3.163 
2 —14PN —0.903 —1.00 —1.118 —1.347 —1.582 
N ; 

3 A —0.602 —0.578) —0.558 —0.538 —0.527 
N2 

4 tea bs +1.083 +1.152 +1.25 +1.45 +1.667 
N2 

5 +14P — +0.542 +0.576 +0.625 +0.725 +0.833 
n 

6 +1¢Pn +1.50 +1.732 +2.00 +2.50 +3.00 
N2 

Tf +P — +1.083 +1.152 +1.25 +1.45 +1.667 
n 
2 

8 +14P — +0.542 +0.576 +0.625 +0.725 +0.833 
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TapiE 23.—STRESS CoEFFICIENTS—COMPOUND Fink Truss 


| 
| Value of n 
Mem- General 
ber formula 
3 2/3 4 5 6 
@ = 33° — 41’ | 6 = 30° | 6 = 26° — 34’ | 6 = 21° — 48’ 6 = 18° — 26’ 
1 —1g4PN —1.805 —2.00 —2.235 —2.695 —3.163 
2 +%P— +1.083 +1.152 +1.25 +1.45 +1.667 
3 +1¢Pn +1.50 +1.732 +2.00 +2.50 +3.00 
N2 
4 +74 P—- +1.083 +1.152 +1.25 +1.45 +1.667 
ee ea es 


+ = tension 


Stress is zero for dotted members, 


= compression 
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TasLe 24.—Srress CoEFFICIENTS—CAMBERED CoMPOUND FINK TRUSS 


Value of n 
ca General formula k 
3 21/3 4 5 6 
9=33°—41’ | 6=30° | 6=26°—34’ | 9=21°—48’ | o=18°—26/ 
Mo} —2.12 |—2.38 268 —3.28 —3.88 
| | = 
_ 1, pin? +401 —2h)] y ¥ = 
i 44P NU = 3k) an 2,0) 2.50 2.84 3.46 7 a 
1% SA$Q |= 9.513 =3.14 —3.86 —4.58 
Weal STO aah 434 tee —1.94 
[n?+4(1—-2h)] [1 2 ft i ie 
oy || ase Nd —3k) “ne Sil itil 1.25 1.42 1.73 2.06 
1% SiO aug —1.57 —1.93 2820 
We —0.562 |—0.549| —0.537 —0.523 —0.517 
3 — pt HA 2) 4 —0.554 |—0.542| —0.532 —0.519 —0.515 
% —0.538 |—0.530/; —0.522 —0.514 —0.510 
Ho Bs 0 [eo | +1.45 +1.72 +2.01 
Din?+4(1—2k)] |, 
fjpei NS ee ; 52 ; Peal 
4 | --1¢P ANG Ob) “an a jr24 Nera 37 +1.5 +1.81 +2.13 
¥% +1.32, |+1.48 +1.65 +1.99 42.35 
W%o| +0.667 |+0.729|  +0.806 +0.956 +1.11 
Din? +4(1 = 2k) Pee 729 0.867 1.04 1,22 
5 +}6P 2k) —) “a +0.709 |+0.78 +0. +1. +1. 
16 +0.793 |+0.889) +0.990 +1.19 +1.41 
io 4+1.77  |+2.06 +2.42 +3.04 +3.70 
6 +P ap) 1 +1.86 |+2.18 +2.56 +3.24 +3.92 
\% +2.04 |+2.40 +2, 84 +3.62 +4.38 
Wo) +1.20 |+1.31 +1.45 FP) +2.01 
Din?+4(1—2k)] |p 1.24 1.37 1.52 eee 42.13 
fe CA aN or «| Se cea 
% 41.32 |+1.48 +1.65 +1.99 42.35 
W%o| +0.565 |+0.610) +0.670 +0.785 +0.910 
8 $y pit ta 20) 1 | +0.570 |+0.620| +0.680 +0.800 +0.930 
n = i 
% +0.585 |+0.635)  +0.700 +0.830 +0.965 
i 


+ = tension — = compression, 


13 


194 STRESSES IN FRAMED STRUCTURES [Sec. 2-9. 


TABLE 25.—STRESS COEFFICIENTS—CAMBERED Compounp Fink Truss 


mf 


. Ne(ree4)t 
Ri D-[V6K -A)fE 
v2 


Value of n 
Mem- General k 
ber formula 3 24/3 4 6 
9=33°—41’ | 9=30° | 9=26°—34’ | 9=21°—48’ | 6=18°—26’ 
Vial oi i —2.38} —2.68 8) OS —3.88 
1 — ype Gil Noten WE atso! V2.4 —3.46 = 56) 
% DP —2.75| —8.13 —3.85 —4,58 
att me +1.20 41.31] 41.45 +1.72 +2.01 
2 ype 4 +1,24 | J271.8y7| ASB +1.81 +2.13 
\% SLi) BP +1.48| +1.65 +1.99 42.35 
Weal ai 2.06, -+2.42 +3.04 +3.70 
3 +46 Paxton By +1.86 42.18) 42.56 | +3.24 +3.92 
% +2.04 +2.40) +2.84 — | +3.62 +4.38 
Mo +1.13 +1.22 +1.34 +1.57 +1.82 
4 +p tt Pyare arviee, oie) oss kets +1.60 +1.86 
a att 7 +1.27| -+1.40 +1.66 +1.93 
a a a a a a 
+ = tension — = compression 


Stress is zero for dotted mem bers. 
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TABLE 26.—StTRESS CoEFFICIENTS—CAMBERED Compounp Fink Truss 
wee 

N= (7% Vt 

D-[wek (nyt 


Value of n 
Mem- General k 
ber formula 3 2G 5 6 
@=33°—41/ | 6=30° | 6 = 26° — 34’\@ = 21° — 48/19 = 18° — 267 
= | e BE 
KHo| —1.06 —1.19) 1.34 —1.64 —1.94 
[n? + 4 (1 — 2k)] | 
4 ee Ne ee ve = = me ae a 
1 4P' Wa =o) 1g il, 151 1.25 | iP e738 2.06 
Ve | ih =1-38 = 157 —1.93 | —2.29 
W%o| +0.0980 |+0.114) +0.134 +0.169 +0. 206 
Jy Se) 156 0.183 2 280 
2 | +4P eq —ona—m |\2 | +9-183 | +0. +0.18 +0. 232 a0 
% | +0.204 |4+0.240; +0.284 +0.362 +0.438 
Wo| +0.884 |+1.03 +1.21 +1.52 +1.85 
nD 
ene 932 1.09 1.28 1.62 1.96 
8 | +4PaqG on) “n +0.93 + | + + | ae 
1346 +1.02 +1.20 +1.42 +1.81 +2.19 
Wo! +0.675 |+0.780}/  +0.900 +1.13 +1.35 
a ar i 4% | +0.656 |+0.758] +0.875 +1.09 +1.31 
%| +0.625 |+0.722) +0.833 +1.04 +1.25 
5 |+P +1.0 +1.0 +1.0 +1.0 +1.0 
-+- = tension — = compression 


Stress is zero for dotted members. 
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Value of 
Mem- General — 
Case ber formula 3 21/3 4 5 6 
§ = 33° — 41’) 9=30° |@ = 26° — 34//6 = 21° — 48/19 = 18° — 26" 
hal ecg yar leased) aici7) |Site S175 —2.30 —2.83 
> i 
a oo Achar Wee —0.100 |—0.0833/ —0.0700 —0.054 —0.0438 
4 n 
Cy | es 
ee Si 1-000. | = 1.00 —1.00 4.00 —1.00 
e —— —EEE——EEE 
a 4 | 4+4WN +0.900 }+1.00 | +1.12 +1..35 +1.58 
4 pee 
eR: 3g wnt — §) 1.06 Wis 1.23 1.32 1.37 
n 
Raise we 0.600 | 0.578 0.559 0.539 0.526 ° 
a | ae ww 41,80 |-e.c0. | 42.24 +2.69 +3.16 
6 | +%WN +0.900 }+1.00 | +1.12 135 +1.58 
Lal Ww <at 
Rs [44 U.11 1.00 0.895 0.742 0.633 
Rs 0 0 0 0 0 0 
(n2 — 4) 
5 | +4 79,604 © [E2008 PP Lied 41,95 +2.53 
6 | 4ywei=) —0. 208 0 +0, 224 +0.604 +0.95 
rar 4 W . . : - 950 
_ 
Rs 0 0 0 0 0 0 
W 
Re | 45 1.10 1.00 0.895 0.742 0.633 
2 
5 | +34 Ue 41.25 |+1.50 +1.78 +2.32 +2.85 
6 iy +0.347 
y = +0.500 | +0.670 +0.975 +1.265 
F or 
Re | 2 0.555 | 0.500 0.447 0.371 0.316 
W 
Re | 25 0.555 | 0.500 0.447 0.371 0.316 
pees WN etcal 1 
é : : 41.67 +1.96 42.46 +2.98 
nee 
6 | 4iun7n® 3 ) +0.502 |+0.667 | +0.837 +1213 op ay 
F (8n2 — 4) ei 
Rk |W 0.708 | 0.667 0.616 0.526 0.458 
N 
re | we 0.401 | 0.333 0.280 0.216 0.175 


+ = tension 


compression 
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TaBLE 28.—WIND Stress Corrricisnts—Compounp Fink Truss 


Value of n 
Gases Sate hee 
er ormula 
3 20/3 4 5 6 
6 =33°—41’ | 9=30° | 6=26°—34’ | 9=21°—49’ | 9=18°—26/ 
5n?— 8 
. wo?) —3.08 = 3E75 —4.50 —5.83 alt 
N2 
2 -4 Ww =2.17. | —2.31) ~—2.50 2.90 —3.33 
Ss —-W —1.00 —1.00 —1.00 —1.00 —1.00 
S 
- 4 —2W —2.00 —2.00 —2.00 —2.00 —2.00 
EI ae Se Bie di etieaen ee | 
=I 5 +34WN +0.902 | +1.0 Shi) ile: +1.35 +1.58 
= ee eee hae | a eer ee 
=| 6 +14WN +1.80 +2.0 +2. 24 +2.70 +3.16 
— Ss, | ee a ee ee ee ee eee 
7 +34,WN AED il +3.0 43.35 +4.05 +4.24 
pis 
Ri) yee) 2.12 2.31 2.46 2.64 2.74 
Nn 
SE gs 1.20 1.15 il, i) 1.08 1.05 
n 


+ = tension — = compression 
Stress is zero for dotted members. 
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TABLE 28 (Continued) 


pee ees PE oe ee eee ee ee 
Case | Member General formula 3 RVG} 4 5 6 
| 
8 +54WN +4.51 +5.00 +5.59 +6.73 +7.90 
9 +WN +3.61 +4.00 +4.47 +5.39 +6.32 
= 10 | +1,WN +1.80 +2.00 +2.24 +2.69 +3.16 
Ww 
RB; 8y 2.22 2.00 1.79 1.49 1327 
Rs 0 0 0 0 0 0 
512 — 
8 +yWwoe 2 +2.28 +3.00 +3.80 +5.26 +6.65 
CB =) 
9 +W a —1.39 +2.00 +2.68 +3.92 +5.06 
adr te 
= 10 +4Wwo —0.415 0 +0.447 | +1.21 | +1.90 
Rs 0 0 0 0 0 0 
Ww 
Rs 8y 2.22 2.00 1.79 1.49 EPH E 
5n?2+ 4 
8 +yweEt® +3.40 +4.00 +4.70 +6.02 +7.28 
2 
9 + Wri +2.49 +3.00 +3.58 +4. 66 +5.70 
4 (n?— 4) 
= 10 +12W N +0.693 | +1.00 +1.34 +1.96 +2.53 
Ww 
R3 ay ileal 100 0.894 | 0.746 0.633 
Ww 
Ra 4y 1 aia 1.00 0.894 0.746 0.633 
N 
8 THAW" (Sn? — 8) +3.71 +4.33 +5.03 +6.31 7.56 
N 
9 Wn" —2) +2.81 +3.34 +3.92 +4.96 +5.97 
N 
> 10 +H4We(n? — 4) +1.01 +1.33 +1.68 +2.25 +2.81 
—_ 
(3n2 — 4) 
R3 AW ese 1.42 1.33 1.23 1.05 0.915 
N 
Rs 2W 0.803 0.667 0.558 0.431 0.351 
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TaBLE 29.—Winp Stress Corrrictents—Howr Truss—4 PANELS 


Case 


Case IV 


Value of n 
Mem- General 
b f - 
er ormula 3 24/3 a 2 e 
6 =33°—41’ | g2=30° | 9=26°—34’ | 9=21°—48’ | 9=18°—26/ 
1 (=e —1.17 —1.45 —1.75 —2.30 —2.8 
ww! ) 1 7 3 
n 
2 |-\yWn —0.750 |—0.867| —1.00 =e25 —1.50 
N2 
Awe —1.08 =i 11g Se —1.45 = 167 
2 
4 | -344W— =108 Sil, 13 Sil 5 ~—1.45 il ap 
N 
5 | +4 W—(n2—2) eet SLL Be +1.96 +2.46 +2.98 
N 
6 | +44W-{(n?-4) +0.502 |+0.667; +0.837 Joi 13 41.41 
n 
7 eae We +0.600 |+0.575) +0.559 +0.539 +0.526 
ee 
eh a a 1.28 1.33 1.375 1.42 1.445 
n 
N2 
Rue? at 0.720 0.665 0.625 0.580 0.555 


a a OO oOo 
= tension 


+ 


= compression 
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TapLE 30.—WrnpD Stress Corrricients—Howe Truss—6 PANELS 


Value of n 
c Mem- General 
ase! ber formula — 
3 21/3 4 5 6 
§@=33°—41’ | 9=30° | 90=26°—34’ | @=21°—48’ | 6=18°—26/ — 
1 yy 212 e260 Se —4.07 —5.00 
n 
try 
2 —4wo =e 72.02 —2.38 = ).08) —3.67 
2 
3 —4wo —1,29 |—1.44 —1.63 —1.98 = peer 
N?2 
AO 36 Woe SiG |= =i BE ns —2.50 
N2 
Da ast ZA og OR |= Te 29] IE S533 =—1.67 
N 
6 | —4W (n2+16)34 Si |e —1.58 —1.73 —1.90 
F N 
z 7 | +36 W ,(7n2—12) +2.56 |+3.00 +3.49 +4.38 +5.28 
6) 
N 
8 | +36W_,(5n?—12) +1.66 /|+2.00 aby) BY/ +3.04 +3.70 
N 
9 | +9 Wo (nt—4) =O) 752m 100 £1, 26 +1.69 Hoy S15 
N 
10 | +3460 +0.600 |+0.575| +0.559 +0.539 +0.526 
N 
19 E1200 ete Ls a5] AP +1.08 +1.05 
(3n2—4 
Ri yw 1.92 2.00 2.06 ies Daley 
swe, 
Ramicg 72 1.08 1.00 0.940 0.867 0.833 


ST LLL 


+ = tension — = compression 
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TaBLe 31.—Winp Stress CoErricients--HowrE Truss—8 Paneus 


Gase a ee 
; ormula 3 24/3 4 5 6 
| 6=33°—41' |9=30° |a=26°—34’ |9=21°—48’ |9=18°—26’ 
| | 
5§n2— \ os — =: os! at 
a Sw me 8) 3.08 3.75 4.50 5.83 Weald 
@2=1)) 
2 ONG T2889 ONTO —4.80 — 5.83 
3 | —3Wn j = 2n25 e |= 2260 —3.00 =O —4.50 
| 
29 
4 -yw 183) 2,02 —2.25 —2.70 =. 
nN? | 
alias WV — mip || =a —2.50 —2.90 =F} 68 
N2 
6 We SP OSs LLG =1),25 —1.45 NG 
N Lé 
7 | ~My w—(n2+16)7 Si |=8t.68 RDS eters —1.90 
n 
N 1Z 
8 | —yw—(n2+36)? AQ || al =r =}, hil —2.24 
n 
> 
— 
a 9 +34 WA (En? — 8) 371 |-+-4.33 +5.03 +6.31 +7.56 
6) 
10 DW G2) eONST NE Snes seg || tLe oe +5,98 
ie 
il +340 (3n2—8) Sia, @hh |e ee +2.79 +3.60 +4.40 
n 
12 +4 Wi (n2—4) IES) TEAC +1.68 +2,26 +2.82 
nm 
13 qiswh 40.600 |+0.575|  +0.559 +0.539 40.526 
n 
N 
14 | +Ww— +1.20 |+1.15 41.12 +1.08 41.05 
n 
15 434 ze eSOMN ele 73 +1.68 +1.62 +1.58" 
n 
Ri po 2.56 2.67 2.75 2.84 2.89 
n 
N?2 
iy AE 1.44 1.33 1.25 1.16 1.11 


ee ee eee 
— = compression += tension 
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Case 1V 


Value of n 
Mem- General 
Case | “ber formula 3 24/3 an 5 6 
9 =33°—41’ | 6 =30° | 9 =26°—34’ | 6 =21° —48’ | 6 =18° —26/ 
1 By ee —4.04 —4.91 —5.88 —7.63 —9.34 
n 
on ae We) =3.63 , 4-38 | eoorts —6.57 ~8.00 
n 
SM este sce Sol ||| Bre —4.37 =5.52 —6.67 
n 
4 hate yee Eo7o) heel igi 3-63 —4.47 bras 
n 
ee ees ee ee 2.38) 2260 —2.88 =8, £8: —4.00 
n 
6 367 Pil |! =BE9 =3.13 =8.2 —4,17 
N2 
ON ra A be SAO || ale il Ys —1.45 —1.67 
ei 44 . 
8 | —}4W= (nz +16) =1,50 |—1.53-| —1.58 = a7 —1.90 
N 44 
9 | -4W-(n?+36) =o || ay —2.01 =), i15 = 224 
pei le 
10 | —34W—(n2+64) 6G | Ogi —2.50 —2.54 =P OR 
WE |) aes WX(13n2 20) +4.88 +5. 67 +6.56 +8.16 +9.80 
12 +36 WX (11n2—20) +3.97 +4. 67 +5.44 +6.83 +8. 23 
N = 
13 | +34 W—{(9n2 —20) HO |) ERGY, +4.33 45.48 46.65 
N 
14 | +36 W=,(7n2—20) AG | LD Gyr 8) Ohl te 45.08 
j N 
5 | +56 W-4(n2—4) +1,.26 |+1.67 +2.09 +2.80 +3.50 
16 | +3607 +0.600 |+0.575 
6 575]  +0.559 +0. 539 +0.526 
N 
17 ee +1.20 sill 3085) 1.12 +1.08 +1.05 
18 Se +1.80 atoletied +1.68 +1.62 +1.58 
19 aw 2 
27 +2.40 |+2.30 42.24 AD a7 +2.10 
hy. sep 
1 | 54W 3.20 3.34 3.44 3.55 3.61 
N2 
R. | 94W-, 1.80 1.66 1.56 1.45 1.39 
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TABLE 32.—WIND Srress Corrricients—Howsr Truss—10 PANELS 


+ = tension 


— = compression 
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TRUSSES WITH KNEE-BRACES 
By W. S. Kinng 
10. General Methods of Stress Determination.—Figure 7 shows a 


knee-braced bent acted on by wind loads W, perpendicular to the side 
walls, and loads W2 normal to the roof surface. General methods of 


TGS Ge 


stress determination will be developed for the conditions shown in Fig. 
7. Assume first that the truss is simply supported at points a and 6 by 
hinges, or by some method which will prevent horizontal movement under 
the action of the applied loads. Let R of Fig. 7a represent the resultant 
of the loads W; and W2. The reactions at A and B are to be determined 
for the force A. 
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For the conditions shown in Fig. 7, it will be noted that there are four 
unknowns to be determined; a vertical and a horizontal force at A and B. 
The problem is therefore indeterminate, for, as stated in the chapter on 
“Principles of Statics” in Sec. 1, only three unknowns can be determined in 
any system of non-concurrentforces. Some assumption must then be made 
regarding the relation between certain of these forces before a solu- 
tion can be made. It will be convenient in this case to consider the rela- 
tion between the horizontal components of the forces at A and B. The 
desired relation can be obtained from a principle brought out in the 


analysis of statically indeterminate structures which states that where — 


there is more than one path over which the stresses due to a given load 
may pass in order to reach the abutments or points of support, the load 
will be divided over these paths in proportion to their relative rigidities. 
It is reasonable to assume in this case that the loads are transmitted from 
the truss to the columns and thence to the points of support. As the 
columns are generally made alike, and are therefore of equal rigidity, it is 
usually assumed that the horizontal components of the applied loads are 
equally divided between the two points of support. Thus, if H be the 
horizontal component of R, we have 


Hi = He= 4 (1) 
where H, and H» represent the horizontal components of the reactions at 
A and B, Fig. 7a. The vertical components of the reactions, shown by 
Vi and V- in Fig. 7a, can be determined by moments. Thus in general 
terms, we have from moments about B 


Rb 
Vi= ie (2) 
and from moments about A 
R 
as (8) 


The reactions are thus completely determined. 


Before proceeding to the determination of the stresses in the truss members, it will 
be necessary to consider the conditions existing in the columns. As shown in Fig. 
7a, the horizontal forces are carried to the points of support by means of a vertical 
member. As the loads act at right angles to the member, it is subjected to bending as 
well as direct stress. The distortion of the structure as a whole is of the nature shown 
in Fig. 7b. In Fig. 7c is shown, to an enlarged scale, one of the distorted columns. 
Since the column is riveted to the truss at point C, and to the knee-brace at point HE, 
it seems reasonable to assume that H-C remains vertical, and that the distortion of E- 
B greatly magnified, is as shown in Fig. 7c. The column is then a three force piece, 
as it is subjected to bending moment, shear, and direct stress at all points. If Mz, 
Vz, Sz; represent these quantities at any section a distance x above the base of the 
column, we have for member B-H of Fig. 7 


M, = Hox Woes a He S, — V2 (4) 
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The moment, as given by the first of these expressions, 1s a Maximum at point £, 
the foot of the knee-brace, varying uniformly to zero at the foot of the column, as 
shown by the moment diagram of Fig. 7c. Values of the shear and direct stress for 
member C-E depend on the stress in the knee-brace, which is as yet unknown. 

In general the columns are rigidly fastened to the foundations. The distortion 
of the column is then of the nature shown in Fig. 7d. When the base is fixed, the 
tangent to the curve at point B can be assumed to be vertical. As the tangent at H 
is also vertical, the curvature between the two points can be assumed to be a reversed 
curve, with the point of inflection, or change in curvature, at point O, half-way between 
E and B. Since a point of inflection is also a point of zero moment, the variation in 
moment for member B-C is as shown in Fig. 7d. The moment at O is zero, and the 
moments at points equal distances above and below O are equal in amount, but oppo- 
site in kind. It will be noted that the portion O-E of the deformed column of Fig. 
7d is similar to the portion B-E of Fig. 7c. Since the moment at O is zero, 
this point can be regarded as a hinged joint. In the determination of stresses the 
column can be separated into two parts at point O, as shown in Fig. 7e. The 
reactions, as given by Eqs. (1), (2) and (3), are to be calculated for a knee-braced 
bent consisting of that part of the structure above points O of Fig. 7a. The 
moment at the base of the column can be determined from the conditions shown in 
Fig. 7e for the lower portion of the column. 

The position of the point of inflection has an important bearing on the stresses in 
the members. It can be seen from Eqs. (1), (2) and (3) and from Fig. 7a, that the 
values of the reactions depend upon the effective height of the bent. A fixed end bent, 
considered as hinged at O, midway between the knee-brace and the base, will in 
general have smaller stresses in its members than one with simply supported ends, 
considered as hinged at A and B. However, unless the connections at EH and C of 
Fig. 7d are absolutely rigid, and the base of the column is fixed, the point of inflection, 
O, cannot be assumed as located half-way between the base of the column and the 
foot of the knee-brace. Any tendency of the tangents to deviate from the vertical 
will cause the point of inflection to be lowered, the limit being points A and B, ora 
hinged connection at the base of the columns. Since the base of the column is usually 
rather wide in the plane of the truss, it can always be considered as partially fixed due 
to the action of the dead load. In most cases the column is firmly attached to the 
foundations by means of anchor bolts which are screwed up tight. As long as these 
bolts remain tight, the base of the column can be considered as fixed. But experience 
shows that this cannot be relied upon. It seems best, therefore, to assume that the 
point of inflection is somewhat below the mid-point between the knee-brace and the 
base of the column. This assumption is on the safe side, as the stresses in the truss 
members are increased thereby, and the moment to be carried by the columns is also 
increased. 

In the calculations to follow, it will be assumed that the distance from 
the base of the column to the point of inflection is one-third of the distance from the 
base of the column to the foot of the knee-brace, as shown in Fig. 7f. There is con- 
siderable difference of opinion among designers and writers on this point. The 
recommendation made above seems to be reasonable and to be founded on conditions 
which actually exist in the structure; it will therefore be adopted. 


11. Stresses in a Truss with Knee-braces.—Methods of stress cal- 
culation are best explained by means of a problem. Figure 8 shows the 
general dimensions of a typical truss of this type. 

iia. Stresses Due to Vertical Loading.—Under the action 
of vertical forces, the horizontal forces H; and H, of Fig. 7 do not exist. 
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The resulting stress diagram may then be constructed by the methods 
explained on p. 163 for Fig. 3b. 
11b. Stresses Due to Wind Loads.—In a framework of 

the type shown in Fig. 8, it is assumed that the action of the wind causes 
normal loads to act on the vertical side of the building and on the roof 
surface of the windward side of the building. The wind loads which 
act on the vertical wall are to be determined for the side wall area above 
the point of inflection. Roof loads are determined for the roof area 
tributary to each roof panel. Methods for the determination of the 
applied loads are given in the volume on ‘‘Steel and Timber Structures.”’ 

It will be assumed that the bases of the columns are partially fixed, and 
that the point of inflection is located at a point above the base of the col- 
umn equal to one-third of the dis- 
tance between the base and the 
foot of the knee-brace, as shown 
in Fig. 8. Figure 9a shows the 
portion of the bent above the 
assumed points of inflection, with 
the applied loads in position. 

The reactions at the points of 
inflection, O and O’ of Fig. 8, 
assumed to be points of support for a hinged knee-braced bent, can be 
calculated by the methods given inSec. 1. From Fig. 9a, the total hor- 
izontal component of applied loads is 4,500 + 6,260 sin 26° 34’ = 
4,500 + 6,260 X 0.447 = 4,500 + 2,800 = 7,300lb. The horizontal com- 
ponents of the reactions, as determined from Eq. (2), are 


The forces act as shown in Fig. 9a. The vertical reactions are deter- 
mined from moments about the bases of the columns, using Eqs. (2) and 
(3). Thus for R2, from moments about O with dimensions and loads as 
shown on Fig. 9a, we have 


_ 6,260 X 20.71 + 4,500 X 7.5 


R 
2 50 


= 3,260 lb. 


and 
Bt 6,260 X 23.99 — 4,500 X 7.5 


R 
: 50 


= 2,340 lb. 


These forces are shown in position on Fig. 9a. All external are thus com- 
pletely determined. 

The next step in the calculations is the determination of the stresses in 
the members of the truss. In general it will be found that graphical 
methods of stress determination are preferable for this purpose. Alge- 


—— 


Ee 
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braic methods of stress calculation are somewhat more precise than 
graphical methods, but in the application of algebraic methods consider- 
able time is consumed in the calculation of lever arms of loads and 
members. This is avoided by the use of graphical methods, and the 
results obtained are accurate enough for all practical purposes. 

In the application of graphical methods to a knee-braced bent a little 
difficulty is encountered in the case of the columns. These members are 
subjected to shear, moment, and direct stress, thus forming three force 
pieces. The graphical methods given in the chapter on “Simple Roof 
Trusses” are applicable only to one force pieces—that is, members sub- 
jected either to tension or compression. Two methods can be employed 


5650 Ib 
al" 
() 


Fig. 9. 


for the graphical solution of the case under consideration: (a) The col- 
umns can be removed and in their place can be substituted a system of 
forces whose effect on the structure as a whole will be the same as that 
of the columns, and (6) since a moment can be considered as a force times 
a distance, a temporary frame work can be added to the truss system, 
arranged so that the moment at the foot of the knee-brace will cause 
stress in the members of the auxiliary frame work. After the stresses in 
all members of the truss have been determined, the temporary frame work 
can be removed and the true stresses in the columns determined. This 
method is quite similar in principle to the one given in Art. 4, for the 
determination of the stresses in certain members of the Fink truss. The 
methods described above will now be applied to the knee-braced bent of 


Fig. 9a. 
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The application of the first method outlined above is shown in Figs. 9b, c, and d. 
Figures 9 b and c show the columns removed with all forces acting. Forces F, and F, 
show the action of the column on the truss. These forces are determined by the 
methods of statics, subject to the condition that the column is in complete equilibrium. 
From Fig. 9 b, which shows the conditions for the windward column, moments about 
point J give 

F, = (3,650 — 1,500)19% = 4,300 lb. 
and moments about point a give 

F, = (3,650 — 1,500)156 = 6,450 lb. 
For the leeward column, shown in Fig. 9c 

F, = 3,650 X 1% = 7,300 lb. 
and 


F, = 8,650 X 156 = 10,950 lb. 


All forces are shown in position in Figs. 9b and 9c. 
Since action and reaction are equal in amount but opposite in direction, forces Fy 
and F, are to be applied to the truss in directions opposite to those shown in Figs. 9b 


and 9c. They appear directly on the leeward side, but on the windward side they 
are to be combined with the loads shown at a and e of Fig. 9a. At a the applied load 
is 4,300 + 750 = 5,050 Ib., and at e the load is 6,450 — 2,250 = 4,200 lb. These 
forces are shown in position and direction on Fig. 9d. At the foot of the knee-brace, 
vertical forces equal to the reaction at the foot of the column are applied, as shown 
in Fig. 9d. Tne resulting forces hold the structure in equilibrium. 

Figure 10} shows the stress diagram for the forces shown on Fig. 9d and repeated on 
Fig. 10a. This stress diagram is constructed by the methods given in the chapter on 
“Simple Roof Trusses.’’ The stresses in the members, as scaled from the diagram, are 
recorded in col. 4 and 6 of Table 33. The stresses in the upper portion 
of the columns are given directly in the stress diagram. In the lower portions of the 
columns, the stress is equal to the reaction at the point in question, as given in Fig. 9d. 
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The temporary frame work for the second method of stress determination outlined 
above is shown in Fig. 1la. Any convenient arrangement can be used. In this case 
the top chord member was prolonged to an intersection with a horizontal through the 
foot of the knee-brace. This point was then connected to the foot of the column by a 
temporary member. These members are shown by dashed lines in Fig. 1la. The 
loads applied to the windward side of the building are considered as acting at the 
joints cf the auxiliary frame work, asshown in Fig. 11a. With the auxiliary frame work 
in place, it is possible to draw the stress diagrams for all joints. Figure 116 shows 
the complete stress diagram. 

The stresses for the columns, as given by the stress diagram of Fig. 11b, are not the 
true stresses for these members, for the addition of the auxiliary frames has effected 
the stresses in the columns; all other stresses are the true stresses in the members in 
question. To determine the true stresses in these members, the auxiliary frames must 


Fie ws 


be removed and the column stresses redetermined, subject to conditions which will be 
discussed later. Thus for the windward column it can be seen by inspection that as 
soon as the frame work is removed, the stress in the lower section of the column is a 
compression which is directly equal to the reaction at the foot of the column, which in 
this case is 2,340 lb. Consider the upper portion of the column. It is quite evident 
that the stress in this member must be of such magnitude that it will hold in equilib- 
rium the stress in the lower portion of the column plus the vertical component of the 
stress in the windward knee-brace. The desired stress can be determined from Fig. 11b 
by locating the forces mentioned and adding them graphically. In Fig. 11b, K-M 
represents the reaction at the foot of the column, and L—17 represents the stress in the 
knee-brace. If these forces be projected on a vertical line drawn through point 17, 
we have as the sum of these forces the component K’ —17, which represents the amount 
of the desired stress in the upper portion of the column; the stress as scaled from the 
stress diagram is 5,000 lb., and the kind of stress is compression. Similar methods 
are to be used for the leeward column. As before, the stress in the lower portion of the 
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column is compression, and it is equal to the reaction at the foot of the column. 
Since the stress in the leeward knee-brace is compression, its vertical component acts 
downward. ‘Therefore the stress in the upper portion of the column must balance 
the difference between the stress in the lower portion of the column and the vertical 
component of the stress in the knee-brace. The desired stress can be determined 
from Fig. 11b. The force L-N represents the reaction at the foot of the 
column, and L-14 represents the stress in the leeward knee-brace. If these forces be 
projected on a vertical line through point 14, the required difference in stress com- 
ponents will be represented by the force N’-14. The required stress scales 3,700 lb., 
and the kind of stress is tension. 


On comparing the two methods given above, it will be found that the 
construction of the auxiliary frames required by the second method 
involves less time and is a simpler process than the calculation of the 
external forces required for the first method. The stress diagrams con- 
structed for the two methods lead to exactly the same results, if the opera- 
tions are correctly performed. However, it will be found that the stress 
diagram for the first method can be more accurately constructed than the 
one for the second method. This is partly due to the fact that the stress 
diagram of the first method contains four less joints than the one for the 
second method, and also to the fact that it is difficult to arrange an 
auxiliary frame work which will provide good intersections for the lines of 
action of the resulting stresses. Again, the stresses in the columns are given 
directly by the stress diagram for the first method, but, from the dis- 
cussion given above, it can be seen that the determination of the column 
stresses by the second method requires considerable care and study. 
Everything considered, the first method of.calculation, as shown in Fig. 
10, is preferable, and it is recommended as the best method of stress 
determination for problems of the nature here considered. 


SECTION 3 
BRIDGE TRUSSES 


By Grorce A. Hoon anp W. S. Kinne 


The stresses necessary for proportioning the members of a truss 
depend upon the requirements of the specifications in use. These 
requirements concern the determination of the working stresses. In some 
specifications a basic unit stress is specified. The area required for any 
member is its greatest, or maximum stress divided by the specified work- 
ing stress. In other specifications the working stress is made to depend 
upon the range of stress in the member under consideration. This 
requires the determination of the maximum and minimum stresses in 
each member. As in the case of maximum moments and shears, as 
defined in Art. 70, p. 137, the maximum stress in any member is the 
greatest stress of any kind (tension or compression) and the minimum 
stress is the least stress of the same kind, or in case of a reversal of stress, 
the minimum stress is the greatest stress opposite in kind to the maximum 
stress. ; Dy 

In the work which follows methods will be developed for the deter- 
mination of the maximum and minimum stresses in the members of 
bridge trusses in common use. If in any case maximum stresses only 
are required, the portion of the discussion relative to minimum stress 
may be omitted, except where a reversal of stress occurs. 


TRUSSES WITH HORIZONTAL CHORDS 


Trusses of the type to be discussed in this article are shown in Figs. 4a, 
b and ¢, p. 4. 

1. General Method of Analysis.—Article 80, p. 155, contains a brief 
statement of the general methods of stress analysis for trusses with 
horizontal chords. It is there shown that the stress in any chord member 
of a truss with horizontal chords and a single web system is equal to the 
moment at the opposite chord point divided by the height of the truss at 
that point. 

Expressed as a formula, we have 
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where M = moment at opposite chord point, and h = height of truss. 
For the truss of Fig. 1, the stress in member AB is given by moments 
about point C divided by h, the height of truss. Maximum and minimum 
stresses are found by combining the dead and live load moments as 
explained in Art. 70, p. 187. Thus the maximum stress is the stress 
due to dead and live load moment and the minimum stress is due to 

dead load moment only. Stresses in top chord members are compressive 
and those in bottom chord members are tensile. 

In Art. 80, p. 156 it is shown that the vertical component of stress 
in any web member of a truss with hori- 
zontal chords and a single web system is 
equal to the shear on a section cutting 
the member in question and two chord 
members. The stress in the member is 
equal to the vertical component of stress 
multiplied by the secant of the angle which 
the member in question makes with the vertical. 

Thus in Fig. 1, the vertical component of stress in member BD is 
equal to the shear on section z-z. The stress in BD may be expressed by 
the formula a 


S = V sec 0 (2) 


when V = shear on section z-x, and 6 = angle between member BD and 
the vertical. 

Maximum and minimum stresses in any member, as BD of Fig. 1, are 
determined from a combination of dead 


and live load shears, as explained in oes 
the dead_and positive live load shears 
f 
The character of stress in any mem- s, 
A member sloping downward and to Fie. 2. 
A member sloping upward and to the right will be in compression under 
Warren Truss and also as the Triangular Truss. This form of truss has 


Art. 70, p. 187. Generally the maxi- ES x ees ae 
mum stress in any member is due to ae Tension | = 
17 ake) ee) 
and the minimum stress is due to the = __Prsion 
dead and negative live load shears. ies IEG 
—\__~ Compression ee ie ae 
ber may be determined by referring to | (o) i (a) 
Fig. 2. 
the right will be in tension under posi- 
tive shear (Fig. 2a) and in compression under negative shear (Fig. 2c). 
positive shear (Fig. 2b) and in tension under negative shear (Fig. 2d). 
2. The Warren Truss.—Figure 3 shows a form of truss known as the 
been used. extensively for small span highway and railroad bridges. It 
may be used either as a through or as a pony, or half-through truss, as 
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shown in Fig. 3a, or as a deck truss, as shown in Fig. 3b. When used 
for long spans, the Warren truss is sometimes arranged as shown in Fig. 4. 
To secure shorter panel lengths, vertical members have been placed at the 
center of each panel of the chord carrying the floor system. The methods 


Thru Warren Deck Warren 


(a) (0) 
Fie. 3. 


of calculation for the truss of Fig. 4 are the same as explained for the Pratt 
truss in Art. 4. 

To illustrate the methods of stress calculation for the Warren truss, 
assume a truss of the dimensions shown in Fig. 5. Let the dead load 


Thru Warren Deck Warren 


, Fig. 4. 


be taken as 600 lb. per ft. per truss. Stresses due to live load will be calcu- 
lated for both uniform and concentrated live load systems. Let the 
uniform load be taken as 1,500 lb. per ft. per truss, and let the concen- 
trated load system be taken as Cooper’s E-50 loading. Required the 


Deck Warren Truss 
Fia. 6. 


maximum and minimum stresses in all members due to the assumed 
loadings. 

2a. Dead Load Stresses.—Two assumptions are generally 
made regarding the distribution of the dead load. All of the dead load 


l2900 12000 4000 12000 1£,000 


may be assumed as concentrated at the panel points of the chord carry- 
ing the floor system, or the dead load may be assumed as carried by both 
chords. Both cases will be given. 

Dead Load Carried at Top Chord Panel Points:—Assuming that all 
of the dead load is carried at the top chord, each panel load is 20 X 600 = 
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12,000 lb. These loads are placed as shown in Fig. 6. The end reactions 
are equal and each is equal to half the total load on the truss, or ky = 
54 X 12,000 = 30,000 lb. Since the loads on the structure are symmetri- 
cal about the center of the span, the stresses need be calculated only for 
one-half of the span. 

The chord stresses may be determined from Kq. (1), Art. 1. Substitut- 
ing in Eq. (1), the chord stresses are found to be as follows (7 = tension 


C = compression). 


ab... .(30,000) 2% = 50,0007 

be... .[(30,000) (2) — (12,000) (1)] 2% = 80,0007 

cd... .[(30,000) (3) — (12,000) (1 + 2)] 2%2 = 90,0007 
AB... .(30,000) (1%) = 25,000C 

BC... .[(30,000) (34) — (12,000) (24)] 2%» = 65,000C 
CD... .[(30,000) (54) — (12,000) (34 + 34)] 2972 = 85,000C 


Since the moment at any lower chord point, as b, Fig. 6, is the average 
of the moments at points B and C, the stresses in the top chord members 
may be determined from those given for the bottom chord members. 
Thus the stress in BC is the average of the stresses in members ab and 
be. That is, 


BC = \é(ab + bc) = 14(50,000 + 80,000) = 65,000 
Also 

AB = Yéab = (14)(50,000) = 25,000 
and ; 


CD = 1é(be + cd) = 14(80,000 + 90,000) = 85,000 


Stresses in web members may be determined by means of Eq. (2). 
Since the structure is symmetrical, the value of sec @ is the same for all 
members. From Fig. 6, 


10? 22 
Sec 6 = A SEA 21-30 
12 
The necessary calculations are as follows: 
Member Shear = V Stress = V sec 0 

Aa +30 ,000 (30,000)(1.3) = 39,0007 
aB +30 ,000 (30 ,000)(1.3) = 39,000C 
Bb +18 ,000 (18 ,000)(1.3) = 23,4007 
bC +18 , 000 (18 ,000)(1.3) = 23 ,400C 
Ce + 6,000 (6,000)(1.8) = 7,800T 
cD + 6,000 (6 ,000)(1.3) = 7,800C 


—_—_——————————— 
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Figure 7 shows the members of the left half of the truss with the dead — 
load stresses indicated on each member. 

Dead Load Divided between Top and Bottom Chord Joints —It will 
be assumed that two-thirds of the dead load is concentrated at the top 
chord joints and one-third at the lower chord joints. The top chord panel 
load is then (24)(20)(600) = 8,000 Ib., and the lower chord panel load is 


/2000 


@ 150,000 6 +80000 c  +90,000 a 


Fy aC, 0C0 += tension | 


-=compression 


Fie. 7.—Dead load stresses, deck Warren truss. All dead load at top chord joints. 


(14) (20) (600) = 4,000 lb. These loads are shown in position on Fig. 8. 
The end reaction is 


R, = 14[(5)(8,000) + 6(4,000)] = 32,000 Ib. 


If the true weights of the floor system and truss members are known, 


G000 6020 8000 G000 6000 


4000 4000 4000 4000 4000 4000 
> =| £2000 


the actual panel loads may be computed. However, the distribution of 
loads assumed in Fig. 8 is sufficiently accurate for small structures. 

The stresses in chord and web members are determined by means of 
Eqs. (1) and (2). On substituting in these equations, the stresses are 
found to be as follows: 


Chord Stresses: 
ab ....[(32,000)(1) — (4,000) (24)]2%2 = 50,0007 
be ....{(32,000)(2) — (8)(1) — 4(44 + 34)]?%J2 = 80,0007 
cd ....[(82,000)(3) — 8(1 + 2) — 4(14 + 3 + 54)]?% 2 = 90,0007 
AB....[(32,000)1% 2 = 26,700C 
nee s1(32,000)(34) — (8)(22) — (4)(1)1?242 = 66,700C 
CD... .[(82,000)(54) — (8)(44 + 34) — (4)(1 + 2)]?%{2 = 86,700C 


Pi ad 


ro 
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Web Stresses: 


Member Shear = V Stress = V sec 6 
Aa +32 ,000 (32,000)(1.3) = 41,6007 
aB +28 ,000 (28 ,000)(1.3) = 36,400C 
Bb +20 ,000 (20 ,000)(1.3) = 26,0007 
bC +16, 000 (16,000)(1.3) = 20,800C 
Cc + 8,000 (8 ,000)(1.3) = 10,4007 
cD + 4,000 (4,000)(1.3) = 5,200C 


} 
pm ——————————$—<—— 


The stresses calculated above are shown on the truss diagram of Fig. 9. 
Effect of Dividing the Dead Load.—On examining the stresses for the 
two conditions of dead load distribution given above, it will be found that 


8,900 6,Q00 6,000 


4000 4000 4000 
t=fension 
ea compression 


Fra. 9.—Dead load stresses, deck Warren truss dead load divided between top and 
bottom chord joints. 


the stresses in the bottom chord members are the same in both cases. 
The stresses in the top chord and web members are changed. 

To determine the effect of changing the distribution of the dead load 
on the stresses in the truss members and the reactions, consider the condi- 
tions shown in Fig. 10. Let the truss consist of n panels of length d, 
and let W = total dead panel load = load per foot times the length of a 
panel. In Fig. 10a all of the dead load is assumed as applied at the top 
chord points and in Fig. 10b two-thirds of the dead load is assumed as 
concentrated at the top chord panel points and one-third is concentrated 
at the lower chord panel points. 

Let R,; and RF,’ respectively represent the left reactions for the loadings 
shown in Figs. 10a and b. It can readily be shown that 


Ry 


I 


le(n — 1)W 
and 
Ri’ = Lé(8n — 2)W 
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The change in reaction due to the difference in distribution of dead load 
may be found by subtracting the first equation from the second, that is, 


Difference in Reaction = R,’ — Ri = a Hence the reaction has been 


increased by one-sixth of a panel load. For the truss shown in Fig. 6, 
the panel load is W = 12,000 lb. Therefore the change in the reaction 
will be (16) (12,000) = 2,0001b. On comparing values of reactions shown 
on Figs. 7 and 9, it will be found to check the above statement. Note 
that the change in reaction is independent of the number of panels in the 
truss. 

General expressions for stresses in the web members in a panel at a 
distance of m panels from the left end of the truss may be written for the 


Dead load divided betweer choras 
(@) 


Pigs) LO: 


conditions shown in Figs. 10a and b. These expressions are as follows: 
For Fig. 10a 


Stress in AC = [Ri — (m — 1) W] sec @ 
= Hn + 1 — 2m) sec 0 (Tension) 


Stress in BC = rn + 1 — 2m) sec @ (Compression) 


For Fig. 106 
Stress in AC = [Ri’ — (m — 1)(4W + }4W)] sec 0 
= P(r + = 2m) sec 9 (Tension) 
Stress in BC = [Ri’ — (m — 1)44W — m13W] sec 6 
= E(n + : _ 2m) )sec 9 (Compression) 
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From these general equations it can readily be seen that the stress in any 
tension diagonal in Fig. 10b is greater by }44W sec @ than the stress in the 
same member in Fig. 10a. Also, the stress in any compression diagonal 
in Fig. 10b is less by }6W sec 0 than the stress in the corresponding mem- 
ber in Fig. 10a. For the conditions shown on Fig. 6, we have 1éW sec 6 = 
(16) (12,000) (1.3) = 2,600 lb. On comparing thé stresses for correspond- 
ing members in Figs. 7 and 9, it will be found that the above statement 
is correct. 

To determine the effect of the change in distribution of dead load on 
the stresses in chord members, consider top chord member AB and bottom 
chord member CD, whose moment centers are respectively at distances 
of m and m, panels from the left support. The general equations for these 
stresses are readily shown to be as follows: 

For Fig. 10a 


Stress in AB = [ Ram, - wis +3 LL. 7s (m = 1) |} ¢ 


= ue [ ma (n _ m:) — z| (Compression) 


Stress in CD = {Ram — wit eee (im 1)]} 5 


= ae m (n — m) (Tension) 
For Fig. 10b 
Stress in AB = | Ra'm, ~ : wis +3 +.:-- (m — 1)| 
~Fhta+-(m- 2s 
Wd 


= >, |™ (n _ ms) — al (Compression) 


Stress in CD = | Ra’m — : wit +2+.... (m — 1)| 


Swine Gm De 


Wd 
=p m(n — m) (Tension) 


From these general equations it can readily be seen that the stresses 
in the bottom chord members of Figs. 10a and b are the same. The 
stresses in top chord members of Fig. 10a and b are seen to differ. By 
subtracting the value given for Fig. 10a from that for Fig. 10b it will be 
found that the stress in a top chord member of Fig. 10b exceeds the stress 


in the corresponding member in Fig. 10a by = W ‘ where d is a panel 
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length and h is the height of truss. Also the difference in stress is the 
same for all top chord members. 

On comparing the top chord stress shown in Figs. 7 and 9 it will be 
found that those in Fig. 9 exceed those in Fig. 7 by a common difference 


of 1,700 lb. From the discussion given above, this difference is = W . 
For W = 12,000, d = 20 and h = 12, we have 
Difference in Stress = (145)(12,000)(2972) = 1,700 lb. 


The above discussion suggests a simple means of obtaining the stresses 
shown on Fig. 9 from those on Fig. 7 by means of certain simple correc- 
tions. ‘These corrections are as follows: For top chord members, increase 


; Leno. ; ; 
the stresses shown on Fig. 7 by 727, ; for tension web members, increase 


the stress by 16W sec 6; for compression web members, decrease the stress 
by }6W sec 0; for lower chord members, no correction is necessary; for 
reactions, increase the value shown on Fig. 7 by 146W. These correc- 
tions are the same regardless of the number of panels in the structure. 
For through bridges the same corrections may be used. For chord 
members interchange top and bottom chord corrections, and for web 
members interchange tension and compression member corrections. 

2b. Live Load Stresses—Uniform Live Load.—The uniform 
live load per foot is 1,500 lb. Hence the live panel load is (1,500) (20) = 
30,000 lb. These panel loads are to be applied at top chord points for 
the deck truss conditions shown in Fig. 6. No part of the live load is 
assumed as carried by lower chord points. 

In determining the chord stresses due to live load, all top chord panel 
points are loaded with 30,000 lb. each. The loading conditions are simi- 
lar to those shown in Fig. 6. Left reaction = (54)(30,000) = 75,000 lb. 
The chord stresses are as follows: 


ab ....75,000(2%») = 125,0007 

be ....[(75,000)(2) — (30,000) (1)]2%» = 200,0007 

cd ....{(75,000)(3) — (30,000)(1 + 2)]2%» = 225,000T 
AB....(75,000)(1%5) = 62,500C 

BC... .{(75,000)(34) — (30,000) (14)]2%{2 = 162,500C 
CD... .[(75,000)(54) — (80,000) (14 + 34)]?9{2 = 212,500C 


These stresses are shown on Fig. 11. 

Since the loading conditions for live load chord stresses are the same 
as for the dead load distribution shown in Fig. 6, the live and dead load 
stresses bear the same ratio as the corresponding panel loads. That is: 


Live load stress in any member = 


: Live panel load 
Dead load stress (Fig. 6) X Dead panel load 
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Thus for any member, say BC, 
Live load stress = (65,000)(29{2) = 162,500 


Any other stress may be determined in a similar manner. 

The live load stresses in web members are determined for partial load- 
ing of the truss. Using the conventional method of calculation given 
on p. 91, Art. 66b, the shears in the several panels of the truss shown in 
Fig. 6 are as follows: 


PANEL SHEAR 

AB 806(1 +243 44 + 5) = 75,000 Ib. 
BC s04(1 +24+3+44) = 50,000 
CD 80¢(1 = 2-3) = 30,000 
DE 304(1 + 2) = 15,000 
EF 30 (1) = 5,000 
FG 896 (0) = 0 


To determine the stresses in the members of the left half of the 
truss due to positive and negative live load shears, note that the negative 
shear in any panel of the left half of the truss, as BC, is equal to the posi- 
tive shear in the corresponding panel in the right half of the truss, that 
is, panel EF (see p. 92). The stresses in the members are then as follows: 


Mamben PANEL PositivE SHEAR STRESS NzGative SHEAR STRESS 
Aa AB (75,000)(1.3) = 97,5007 0 
aB AB (75,000)(1.3) = 97,5000 0 


Bb BC (50,000)(1.3) = 65,0007  (5,000)(1.3) = 6,500C 
bC BC (50,000)(1.3) = 65,000C - (5,000)(1.3) = 6,5007 
Ce CD (80,000)(1.3) = 39,0007  (15,000)(1.3) = 19,500C 
eD CD (80,000)(1.3) = 39,000C (15,000)(1 3) = 19,500T 
These stresses are shown on the members in Fig. 11. 


HMARROG (FP UBAELO 


 +1€5,000 b +00,000 Cc #225,000 A 


+= tension 
- =compression 


Fie. 11.—Live load stresses, deck Warren truss uniform live load. 


2c. Live Load Stresses—E-50 Engine Loading.—Methods 
for determining the position of the E-50 loading for maximum moment are 
given in Art. 68e p. 121, and Art. 68g gives methods for determining 
the position of load for maximum shear in the panels of the truss. 
Moment Table I, p. 103, will be used in determining values of moments 
and shears. 
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Chord Stresses.—The position of loads for maximum moment may be 
determined by direct substitution in the criterion of Eq. (83), p. 106, 
or by means of Fig. 141, p. 112. 

Member ab—Moment center at B, Fig. 6, which is 20 ft. from the left 
end of the truss. From Fig. 141, p. 112, wheel 3 gives maximum moment. 
The determination of position of loads by means of the moment criterion 
will also be given. For the given moment center, noting that a = 20 ft. 
and J = 120 ft., the criterion for moment at B is 

G 
ras W=0 

Try wheel 3 at B with the train headed to the left. For this position 
of loads, both engines and 4 ft. of uniform load are on the span. Hence 
G = 355 + (4)(2.5) = 365. The value of W varies from 37.5 (wheel 3 
to right of B) to 62.5 (wheel 3 to left of B). Substituting these values in 
the criterion, we have 

For wheel 3 to right of B 

G 365 


For wheel 3 to left of B 


G 365 
=i a 
Since the criterion changed sign as wheel 3 passed point B, wheel 3 gives 
a maximum moment at B. 
Try wheel 4 at B. The uniform load covers 9 ft. of the span and 


G = 355 + (9)(2.5) = 377.5 and ¢ = 62.9. W varies from 62.5 to 87.5. 


Substituting in the criterion it will be found that wheel 4 also satisfies 
the criterion. Wheels 2 and 5 were also tried but it was found that they 
did not satisfy the criterion. 

The moment at B for wheels 3 and 4 at B must now be calculated to 
determine the true maximum value. These moments are calculated by 
methods given in Art. 68c. 

For wheel 3 at B, we have 


3 
Mz = (R:) (20) — ,W 
1 


and 

R, = [20,455 + (355)(4) + (24)(2.5)(4)7]}420 = 182.5 
Hence 

Mz = (182.5)(20) — 287.5 = 3,362.5 (thousand ft.-lb.) 
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For wheel 4 at B, 
4 
Ms = (R:)(20) — >W 
1 


and 

R, = [20,455 + (355)(9) — (34)(2.5)(9)7]}420 = 197.92 
Hence ; 

Ms, = (197.92)(20) — 600 = 3,358.4 (thousand ft.-lb.) 


Therefore wheel 3 gives the maximum moment, which checks the informa- 
tion given on Fig. 141. 
The stress in ab is then 


M _ 3,362,500 
na 12 


= 280,200 lb., tension 


Member be—Moment center at C, 40 ft. from left end of the span. 
From Fig. 141, p. 112, wheel 6 gives maximum moment at this point. 
However, the diagram shows that the moment at point EF (Fig. 6) 40 
ft. from the right end of the span is greater than the moment atC. Hence 
we must calculate the moment at H with wheel 13 at this point and use 
this moment for points C and FE. With wheel 13 at H with the train 
headed to the left, both engines and 5 ft. of uniform load are on the span. 
The moment at F is 


13 
My = (Rs)(80) — )W 
1 


and 

Ri = [20,455 + (355)(5) + (34) (2.5)(5)*J}420 = 185.5 
Hence 

My = (185.5)(80) — 9,585 = 5,255 (thousand ft.-lb.) 
The stress in be is 


5,255,000 


+3 = 438,000 Ib., tension 


When wheel 6 is placed at C, the moment at C is found to be 5,130,000 
ft.-lb., a value about 2.4 per cent less than that given above for point E. 
Member cd.—Moment center at D, Fig. 6, 60 ft. from the end of the 
truss. From Fig. 141, p. 112, wheel 11 answers for maximum moment. 


11 
My =") 60) De 


Noting that wheel 1 has passed the left end of the span, we have 
Ri = [19,092.5 + (342.5)(15) + (14)(2.5)(15)2]}409 = 204.26 
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Hence 
MM, = (204.26) (60) — 6,510 = 5,745.6 (thousand ft.-lb.) 


The stress in cd is 


5,745,600 


12 = 478,800 lb., tension 


Stresses in Top Chord Members.—Moment centers for stress in top 
chord members are located at the lower chord points, or at points between 
the top chord panel points. Figure 141, p. 112, will not give the wheels 
which answer for maximum moment at points located between top chord 
panel points. We must substitute in the criterion in order to determine 
the wheels which give maximum moment. The proper criterion is given. 
by Eq. (45), Art. 68e, p. 123, for the conditions shown in Hig. 153 eee, 

Member AB.—Moment center at point a, 10 ft. from the left end of 
the beam. For the conditions shown in Fig. 153, p. 122, a = 10 it.; 
c = 10ft.;d = 20ft.;1 = 120ft.;and Wi = 0. Eq. (45), p. 123, becomes 


10 Pe eae bein 
Clog ~ W299 = 7p oF atl 
This may be written 
oe We = (f 


Note that this criterion is the same as for moment at B. It was 
found on p. 223 that wheel 3 gave the maximum moment at B. The 
moment at a is the average of those at A and B, or 


M, = 14(0 + 3,362,500) = 1,681,250 ft.-lb. 
Hence 
1,681,250 
IZ 


Stress in AB = = 140,100 lb., compression 


Member BC.—Moment center at 6. With a = 30 ft., c = 10 ft.; 
d = 20 ft.;1 = 120 ft.; the criterion of Eq. (45), p. 123, becomes 


< — (Wi +34W,) =0 


To satisfy this criterion, some wheel must be placed at either point B 
or C of Fig. 6. Try wheel 3 at B. The relative position of the loads is 
15 
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shown in Fig. 12. For the conditions shown in Fig. 12, W, = 37.5 to 
62.5; We = 91.25 to 66.25; and G@ = 355 + (4)(2.5) = 365. 
The substitutions in the criterion are as follows: 
For wheel 3 to right of B 


3654 — [37.5 + 14(91.25)] = + 


For wheel 3 to left of B 
3654 — [62.5 + 14(66.25)] = — 


Hence wheel 3 satisfies the criterion. In a similar manner, wheels 2 and 
4 were tried at point B, and wheels 6 and 7 were tried at point C, but 
none of them satisfied the criterion. Since it is possible that the maxi- 
mum moment at point e on the right side of the truss might be greater 
than the moment at point b, wheels were also tried at points H and F. 
It was found that wheel 12 at E and wheel 16 at F also satisfied the 
criterion. 

The moments at b and e for the wheels which satisfied the criterion 
will now be calculated and compared in order to determine the true 
maximum moment. For wheel 3 at B, as shown in Fig. 12, the moment at 
b is the average of the moments at B and C, that is 


My = 34(Mz + Me) 
Now M; = (R1) (20) — M3 


Me = (Ri) (40) — Be +(> w)ay| 


where 
Ry = [20,455 + (355)(4) + 22)(2.5)(4)7]/4 20 
= 182.45 
Therefore 
Me, = (182.45)(20) — 287.5 = 3,361.5 
Me = (182.45) (40) — [2,050 + (128.75)(1)].= 5,119.25 
and 


My, = 14(8,361.5 + 5,119.25) = 4,240.375 (thousand ft.-lb.) 


When wheel 12 is placed at H, M, = 4,234,875 ft.-lb. and when wheel 16 
is placed at fF, M,. = 4,222,375 ft.-lb. Hence wheel 3 at B gives the 
greatest moment. 

The maximum stress in BC is therefore found to be 


4,240,375 
See 353,365 lb., compression 


Member CD.— The maximum stress in CD will be given by the 
moment at c or d, which ever is the greater. By the methods used for 
member BC, it will be found that the moment at d is the greater. 
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The criterion of Eq. (45), when applied for point d, takes the form 
KHoG — (Wit %’W.) =0 


Wheels 12 and 13 at E are found to satisfy this criterion, and of these, 
wheel 13 gives the greater moment. The necessary calculations are as 
follows (load position shown in Fig. 13): 


Substitution in criterion 


W, = 177.5; We = 62.5 to 87.5; G = 355 + (5)(2.5) = 367.5 


Wheel 13 to right of # 
(%{ 2) (367.5) — [177.5 + (24) (62.5)] = + 


Wheel 13 to left of H 
(149) (367.5) — [177.5 + (24)(87.5)] = — 


Therefore wheel 13 at E satisfies the criterion. 
Calculation of moment at d 


Ma = 16(Mp ae Mz) 
R, = [20,455 + (355)(5) + (14) (2.5) (5)"]}420 = 185,510 lb. 
Mp = (185,510)(60) — (1,000)[4,370 + (177.5) (6)] = 5,695,000 ft.-lb. 
Mz = (185,510)(80) — (1,000) (9,585) = 5,255,800 ft.-lb. 


Therefore 
M, = (34) (5,695,000 + 5,255,800) = 5,475,400 fite=lb 


Hence 
Stress in CD = (142)(5,475,400) = 456,300 Lb: 


When wheel 12 is placed at Z, 
Ma = 5,465,900 ft.-lb. 


The position of loads for maximum moment at ¢ was also determined. 
It was found that wheel 6 at C and wheel 10 at.D both satisfied the 
criterion. The moment at c was found to be the same for both load 
positions, and M, = 5,406,500 {t.-lb. Therefore moment at d gives the . 
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greatest chord stress, as calculated above. The chord stresses calculated 
above are shown on Fig. 14. 

Stresses in Web Members.—Stresses in web members of a Warren 
truss due to train loading are determined by the same general methods as 
used on p. 222 for uniform live load. The process differs only in the 
methods used in calculating the shears in the several panels. 

The position of loads for maximum shear in any panel is determined 
by means of the criterion of Eq. (55), p. 129. For the truss under con- 


4280200 b +43G000 c +47G800 


t+ =fensiorn 
-=compression 


Fie. 14.—Live load stresses, deck Warren truss Coopers, E-50 loading. 


sideration there are six panels. Hence n = 6 in Kq. (55), and the criterion 
becomes 


7 — Ws =0 


where G = total load on truss and W2 = load in panel for which the shear 
is desired. The same criterion holds for all panels. Detailed calcula- 
tions for the shears in the several panels of the truss shown in Fig. 6 will 


now be given. / 
Shear in Panel AB.—Try wheel 3 at B with the train headed to the 
~ left. The uniform load covers 4 ft. of the right end of the bridge. Hence 


G 
G = 355 + (4)(2.5) = 365, and a 60.8. For wheel 3 to the right of 


B, G, = 37.5 and for wheel 3 to the left of B, Gz = 62.5. Substituting 


these values in the criterion, we have 
For wheel 3 to left of B 


60.8 — 37.5 = + 
For wheel 3 to right of B 
60.8 — 62.5 


Therefore wheel 3 satisfies the criterion. 
Try wheel 4 at B. Uniform load covers 9 ft. at right end of span. 


| G 
G = 355 + (9)(2.5) = 3877.5; 6 = 62.9; G, varies from 62.5 to 87.5. 


Wheel 4 satisfies the criterion, since * lies between the two values of 
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G2, thus causing a change in sign when these values are substituted in the 
criterion. Wheels 2 and 5 did not satisfy the criterion. 

To determine which of these wheels gives the maximum shear in the 
panel, the shears must be calculated and compared. The shear in panel 
AB is equal to the left reaction R, minus the joint load at A due to 
the loads in panel AB. For wheel 3 at B, 


1,000 


= i= 1 f = 
we | 20,455 + (355)(4) + (;) (2.5) (4)2| +59" = 182,460 Ib. 
Pareiiond ote ee = 14,375 lb. 


Hence 


Shear in panel AB = 182,460 — 14,375 = 168,085 lb. For wheel 4 
at B, 


ie 1 11,000 | 
Rie | 20,455 + (355)(9) + (5) (2.5) (9) | 59 = 197,980 
isuvtiauslen = a = 30,000 lb. 


Shear in panel AB = 197,930 — 30,000 = 167,930 lb. 
Therefore wheel 3 gives the greater shear. 

Shear in Panel BC_—Try wheel 3 at C. Wheel 16 is at the right end 
of the truss. G varies from 306.25 to 322.5 and G» varies from 37.5 to 
62.5. Substituting these values in the criterion, we have 

For wheel 3 to the right of C, 


ey oe 
6. 
For wheel 3 to the left of C 
A JS 
a eee 62.5 = — 


Therefore wheel 3 satisfies the criterion. Wheels 2 and 4 were also tried 
but they did not satisfy the criterion. 
For wheel 3 at C, 


_ 15,051,250 


Me = 120 = 125,430 lb. 
Panel load at B = a = 14,375 


Shear in panel BC = 125,430 — 14,375 = 111,055 lb. 


Shear in Panel CD.—Try wheel 2 at D. Wheel 11 is 4 ft. to the 


G : 
left of the right end of the truss; G@ = 215; oa 35.8; and G2 varies from 
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12.5 to 37.5.. Hence wheel 2 satisfies the criterion, because the value of 


4 lies between the two values of Gz. Try wheel 3 at D. Wheel 12 is4 ft. 


G : 
to the left of the right end of the span; G = 240; = 40; G2 varies from 


- 37 5 to 62.5. Hence wheel 3 also satisfies the criterion. Wheels 1 and 4 
were also tried but they did not satisfy the criterion. 
When wheel 2 is placed at D, 


R, = (7,310 + (215)(4)] ae — 68,090 Ib. 
Panel load at C = ae = 5,000 1b. 
Shear in panel CD = 63,090 lb. 
When wheel 8 is placed at D, 
1,000 
Panel load at C = zen =A 3/0. 


Shear in panel CD = 63,400 lb. 
Hence wheel 3 gives the maximum. 

Shear in Panel DE.—Try wheel 2 at E. Wheel 9 is at the right end of 
the span. Hence G varies from 161.25 to 177.5, depending on whether 


wheel 2 is considered to the right or to the left of E. Therefore @ varies 


from 26.9 to 29.6. G2 varies from 12.5 to 37.5. Substituting these values 
in the criterion, we have 
For wheel 2 to the right of H, 


20.9 1255 


I 
Je 


For wheel 2 to the left of #. 
29.6 — 37.5 


l| 


Therefore wheel 2 satisfies the criterion. Wheels 1 and 3 were also 
tried, but it was found that they did not satisfy the criterion. 
For wheel 2 at £, 


4,370,000 _ 
Ry = 55) = 36,400 
Panel load at D = me =,000 


and 
Shear in panel DE = 36,400 — 5,000 = 31,400 lb. 
Shear in Panel EF.—Try wheel 2 at F, Wheel 5 is 5 ft. from the right 
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eG 
end of the span; G = 112.5; oa 18.8; and G2 varies from 12.5 to 37.5. 


Hence wheel 2 satisfies the criterion. Wheels 1 and 3 were tried but did 
not answer. 
For wheel 2 at F, 


Ry = [1,037.5 + (112.5)(5)] 23 


100,000 _ 
39 = 53000 Ib. 


= 13,400 lb. 


Panel load at H = 


and 

Shear in panel HF = 13,400 — 5,000 = 8,400 lb. 

Shear in Panel FG.—It can readily be seen that the shear in panel FG 
is zero, for to satisfy the criterion, there can be no load on the truss. 

Stresses in Web Members.—The stresses in web members due to 
positive and negative shear are determined by the methods used on p. 222 
for uniform loads. These stresses are given in the following table and 
are also shown on Fig. 14. 


MemBerR Pane Positive SHEAR STRESS Neeative Sunar StTrRess 
Aa AB (168,085) (1.3) = 218,510T 0 
aB AB (168,085)(1.3) = 218,510C 0) 


Bb BC (111,055)(1.3) = 144,3707 — (8,400)(1.3) = 10,9200 
bC BC (111,055)(1.3) = 144,370C — (8,400)(1.3) = 10,9207 
Ce CD  (63,400)(1.3) = 82,4207 (31,400)(1.3) = 40,8200 
cD CD  (63,400)(1.3) = 82,4200 (31,400)(1.3) = 40,8207 


2d. Maximum and Minimum Stresses—Maximum and 
minimum stresses in the members of the truss under consideration are 
determined by combining the dead and live load stresses calculated in the 


fy +50,000 2 +82,000 c PEDO, ol 


Fia. 15.—Maximum and minimum stresses, deck Warren truss, dead load and uniform 
live load. 


preceding articles. In general the maximum stress in any web member is 
the sum of the dead load stress and the stress due to positive live load 
shear; the minimum stress in any web member is the sum of the dead load 
stress and the stress due to negative live load shear. For chord members 
of simple trusses, the maximum stress is the sum of the dead and live load 
stresses and the minimum stress is the dead load only. Figure 15 shows 
on each member, the maximum and minimum stress in that member for 
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dead load and uniform live load. The dead and live load values, as 
calculated in the preceding articles, are taken from Figs. 9 and 11. Fig- 
ure 16 shows the maximum and minimum stresses for dead load and 
E-50 live load. Dead load and live load stresses used in making the 
necessary combinations are taken from Figs. 9 and 14. 


A -/66800 


=26, 700 
\0 


@ +50,000 b +60,000 Cc  +#90,000 a 


Fig. 16.—Maximum and minimum stresses, deck Warren truss. Dead load ard Cooper’s 
E-50 loading. 


3. The Pratt Truss.—Figure 17 shows forms of Pratt trusses for high- 
way and railway bridge spans. ‘The forms shown are used for spans from 
90 to 200 ft. Most of the Pratt trusses in use are of the pin-connected 
type. In recent years, however, the riveted type is gaining in favor. 

Pin-connected Pratt trusses 

oy as Anse are generally built with counters 

NN in the panels near the center of 

Net eee the span. The object of these 

(a) (b) counters is to provide a truss sys- 

ies 17: tem such that the web members 

will not be subjected to reversal 

of stress due to the existence of positive and negative combined shears 
near the center of the span. 

The action of counters is shown in Fig. 18. If any quadrangular 
frame with hinged joints, shown by the full lines of Fig. 18a, is subjected 
to a load V (corresponding to 
a positive shear), the frame 
will tend to take the form 
shown by the dotted lines. To 
prevent this distortion of the NY 
frame by means of a member (b) () @) 
which will take tension only, GS Ato) USS apa 
the tension member must be Fia. 18. 
attached at points A and B, as 
shown in Fig. 18b. If the load V is applied as shown in Fig. 18c (corre- 
sponding to a negative shear), the tension member which will resist dis- 
tortion must be attached at C and D, as shown in Fig. 18c. In Fig. 18d, 
members are shown in place across both diagonals of the figure. It is 
generally assumed that when one member is in action, as AB, the other 
member, CD, is idle and has no stress. 
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The trusses of Fig. 17 are shown with two members in the panels near 
the center. These members are generally made of eye bars or rods. 
The full line member is called a main member and the dotted line member 
is called a counter. 

General methods for the determination of the stresses in Pratt trusses 
are the same as outlined in Art. 2. In the following articles, complete 
calculations will be given for through and deck Pratt trusses with and 
without counters. 


Dead load G00 /b. per Fr per Truss 


’ - 1500 /b. per Fr: uri form 
eo UE Mia Wena or Coopers E-50 


4. Stresses in a Through Pratt Truss without Counters.—Figure 19 
shows a Pratt truss so constructed that the members are capable of 
resisting reversals of stress. Let the dead load be taken as 600 lb. per 
ft. per truss. To illustrate the methods of calculation for uniform and 
concentrated live load systems, let the uniform loading be taken as 1,500 
lb. per ft. per truss, and let the concentrated loading be taken as Cooper’s 
E-50 loading. Required the maximum and minimum stress in all mem- 
bers for the two live load systems. 

4a. Dead Load Stresses.—Two assumptions are generally 
made regarding the assumed distribution of the dead load in through 


Fie. 20. 


bridges. All of the load may be assumed as carried by the lower chord. 
as shown in Fig. 20a; a portion of the dead load, generally one-third, is 
assumed as carried by the top chord joints, as shown in Fig. 200. In 
some cases the exact amount of load carried by the upper and lower 
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chord joints is computed. For all practical purposes the distribution 
shown in Fig. 20b is sufficiently accurate. 

Before proceeding to the calculation of dead load stresses for the 
truss of Fig. 19, general equations for dead load stresses will be derived 
for the conditions shown in Fig. 20. A study will also be made as to the 
effect of distribution of the dead load on the stresses in members and the 
values of the reactions. 

The end reactions are readily seen to be unaffected by the distribution 
of dead load. For Figs. 20a and b, we have 


Ww 
Ry mee 1) 


Note that in Figs. 20a and b, joint loads are not shown at the end joints. 
These joint loads have no effect on the stresses in the members and are 
therefore neglected. If the maximum reaction supported by the piers or 
abutments is desired, these end joint loads must also be included. 

The stress in any chord member, as AD of Figs. 20a and b, is deter- 
mined from moments about C, the opposite chord point. For the condi- 
tions shown 
Moments aboutC | Me, 

Height of truss ~—h 
For the load distributions shown in Figs. 20a and } 
Me = Rimd — WI1+2+....(m — D]d 
Wd 


= a mn — m) 


Stress in AD = 


where n = total number of panels in truss; m = number of panels from 
left end of truss to moment center; and d = common panel length. 
Since identical results are obtained for stress in the given chord members 
of Figs. 20a and b, the chord stresses are seen to be unaffected by the dis- 
tribution of dead load. 

For any diagonal web member, as AC of Figs. 20a and b, the stress is 
equal to the shear on section b-b multiplied by the secant of the angle 
which the member makes with the vertical. That is 


Stress in AC = (Shear on section b-b) sec 0 


The character of stress may be determined from Fig. 2. 
The shear on section b-b of Fig. 20a is 


V=hi —mW = UE [n — (2m + 1)] 


where m = number of panels from left end of span to the left end of the 
panel containing section b-b. For Fig. 20b, the shear on section b-b is 
1 


2am Ww 
Vee Wn orn 


EEE 
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Hence the shears for diagonal web members are unaffected by the dead 
load distribution. 

The stress in a vertical web member, as AB of Fig. 20a is equal to the 
shear on section a-a. This shear is 


V = Bi — Wm = In — Qm+ 0) 


For member AB of Fig. 20b, the shear on section a-a is 


V = Ri — 24Wm — WwW (m — 1) 
=F in - Qmtyi+% 
On comparing the shears for the two-load distributions, it will be found 
that the shear for the conditions shown on Fig. 20b exceeds the shear 
for Fig. 20a by one-third of a panel load. Note that when a portion 
of the panel load is moved to the top chord, the shear on any inclined 
section, as a-a, is increased by the amount of load moved to the top chord. 

For a hip vertical, such as member FH, the stress is tension and 
is equal to the joint load at point H. In Fig. 20a, the stress in FE is 
equal to W. In Fig. 206 the stress is equal to 24W. Moving a portion 
of the dead load to the top chord has decreased the stress in the tension 
vertical by the amount of load moved to the top chord. 

The above analysis suggests the following procedure in calculating 
dead load stresses when the load is assumed as divided between the two 
chords: Assume first that all of the dead load is applied at the lower 
chord joints. Calculate the stresses in all members for this position 
of the dead load. ‘Then consider a portion of the dead panel load to be 
transferred to the top chord. As shown above, stresses in chord and 
diagonal web members are unaffected by this change in dead load dis- 
tribution and the stresses are as calculated for all dead load on lower 
chord joints. Stresses in vertical web members are changed by the 
redistribution of dead load. These changed stresses may be found 
by applying the following correction: Increase the stresses in all compress- 
ion verticals by the amount of dead load moved to the top chord; decrease 
the stresses in tension verticals by the amount of load moved to the top 
chord. 

The dead load stresses in the truss of Fig. 19 will now be determined 
by the method outlined above. Assuming all dead load applied to the 
lower chord joints, each panel load is W = (20)(600) = 12,000 lb. 

Stresses in chord members may be obtained directly by moments, as 
in the case of the Warren truss, or by substitution in the general equation 
derived above. This equation is 


_ Wd 
rey 


M m(n — m) 
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where M = moment at a point m panels from the left end of the span; 
m = number of panels in the truss; W = panel load; and d = panel 
length. For the truss under consideration, (Fig. 19), 7 = 6; d = 20 ft.; 


and W = 12,000 lb. Hence ie = (14) (12,000) (20) = 120,000 and the 


moments at the several panel points of Fig. 19 are as follows: 


Moment CENTER m m(n — m) Moment (F1.-1B. 
b i! 9) 600,000 
c 2 8 960,000 
d 3 9 1,080,000 


Since the height of the truss is 25 ft. the stresses in the chord members 
are as follows, noting that moments at top chord moment centers are the 
same as for the lower chord moment center directly below. 


M=MBER Moment Centar Moment Stress = x 

ab.be B 600,000 +24,000 

cd C 960,000 +38 ,400 

BC C 960,000 — 38,400 

CD d 1,080,000 — 43,200 
+ = tension — = compression 


The shears in the several panels may be calculated as in the case of 
the Warren truss, or they may be calculated by means of the general 
equation 

Vo= ue In — (2m + 1)] 
which was derived above. In this equation the notation is the same 
as for moments. Note that m is the number of panels from the left end 
of the truss to the left end of the panel in which the shear is desired 
(see Fig. 20). The shears in the several panels are as follows: 


PANEL m [n — (2m + 1)] V 
ab 0 5) +-30,000 
be 1 3 +18,000 
cd 2 1 + 6,000 
+denotes positive shear 
For diagonal members, sec 9 = Wek sel = 1.28. Stresses in 


diagonals = V sec 6; stresses in verticals are equal to the shear on 
section such as a-a, Fig. 20; stresses in hip verticals equal joint load 
at lower end of member; stress in center vertical is zero, for it has been 
assumed that all dead load is at the lower chord joints. The stresses in 
web members are then as follows: 
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MEMBER = SHEAR Srress 
aB 30,000 — 38,400 
Be 18,000 +23,000 
Cd 6,000 + 7,680 
Ce 6,000 — 6,000 
Bb (Joint load at b) +12,000 
Dd (Joint load at D) 0 

+ = tension — = compression 


Stresses in chord and web members are shown on Pise 21a. 


B_~38400 C -47200 D 


Iyrimetrical 
“about € 


12,000 1/8000 


Dead Load Stresses 
Thru Pratt Truss ve 
All Dead Load at Lower Chord Joints 


Symmetrical 
=" about ¢ 


2 


J,000 6000 


Dead Load Stresses 
Thru Pratt Truss 
; Dead Load on Lower Choral Joints 
© Ojepereye y 


(6) 


+= fers/ort 
- =corpressior7 
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Assume now that one-third of the dead load is moved to the upper 
chord joints. The joint load to be applied at the upper chord joints 
is (44) (12,000) = 4,000 lb. Figure 21b shows the new load distribution 
and the resulting stresses in all members. These stresses were obtained 
from those given on Fig. 21a by means of the correction stated on p. 235. 
It is there shown that only the stresses in the vertical members are 
affected by the change in load distribution, and that verticals in compres- 
sion have their stresses increased by the load moved to the top chord, and 
that verticals in tension have their stresses reduced by this same amount, 
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Members Cc and Dd are compressing verticals. Their revised stresses are 
then 10,000 and 4,000 lb. respectively. Member Bb is a tension vertical, 
and its revised stress is 8,000 lb. All stresses are shown on Fig. 210. 

4b, Live Load Stresses—Uniform Loading.—Panel load = 
(1,500) (20) = 30,000 lb. These loads are assumed as applied at the 
lower chord joints. 

Maximum chord stresses due to live load occur when all points are 
fully loaded. The loading conditions are therefore similar to those for 
dead load and the live load chord stresses may be obtained from those for 
dead load shown on Fig. 21 by multiplying the dead load stresses by the 
ratio of the dead and live panel loads. This ratio is 3% . Hence, 


Live load stress = (Dead load stress) 3979 


8 -210,200 C-230000 D 


Symmetrical 
“about € 


ah *60Q000 b +60.000 c 196,000 @7 (134,500 4 4154500 ¢& t£10,200 


Uniform live load Cooper’s E-50 loading 
Figs. 22 and 23.—Live load stresses, through Pratt truss without counters. 


The resulting stresses are shown on Fig. 22. 

Since the panel loads, panel lengths and number of panels are the same 
as for the Warren truss of Art. 3, the shears due to uniform loading are the 
same as given on p. 222. Hence the shears in the several panels of Fig. 
19 are as follows: 


PANEL Positive SHEAR Nercative SHEAR 
ab +75,000 0 
be +50,000 — 5,000 
cd +30,000 — 15,000 


The stresses in the web members as determined from these shears are 
as follows: 


MpMBER PANEL : SHEAR ; SrrRess 
aB ab +75,000 (75,000) (1.28) = —96,000 
Be be +50,000 (50,000) (1.28) = +64,000 
000 ( 5,000) (1.28) = — 6,400 
Cd cd +30,000 (30,000) (1.28) = +38,400 
— 15,000 (15,000) (1.28) = —19,200 
Ce cd +30,000 — 30,000 
—15,000 +15,000 
Bb Joint Load 
at 'b +30,000 
Dd Joint Load 
at D 0 


These stresses are shown on the members in Fig. 22. 
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4c. Live Load Stresses—E-50 Engine Loading.—Since 
the number and length of panels for the truss under consideration is 
the same as for the Warren truss of Art. 2, the moments and shears will 
be the same as calculated on pp. 223 and 228. These values are as 
follows: 


Moments 
Moment CENTER Moment 
Borb 3,362,500 ft.-lb. 
Cor ¢ 5,255,000 
d 5,745,600 
Shears 
PANEL Positive SHEAR Negative SHEAR 
ab +168 ,085 0 
be +111,055 — 8,400 


cd + 63,400 — 31,400 
Stresses in cherd and web members are as follows: 


CHORD STRESSES 


M 
MEMBER Momepent CENTER StREss = 35 
oO 


ab be B +134,500 
cd € +210,200 
BC ¢c — 210,200 
CD d — 230,000 


WEB STRESSES 


| | Shear 
Member Panel Stress 
| Positive Negative 


aB ab 168 , 085 0 —215,500 


Be be 111,055 8,400 +142 ,200 
— 10,750 


Cd cd 63,400 31,400 + 81,100 
— 40,200 


Ce cd 63 , 400 31,400 63,400 


31,400 


et Jl 


+ 


Bb Join oacleatlO manner en OL, 040 81,940 


Dd dtoniany MOCLDY cain hoe oo 0p ob eu 0 
| | 
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The joint load at 6, known as the floorbeam reaction, is determined by 
the methods given in Art. 71, p. 141. It is there shown that 


2M 
teary 
where R = floorbeam reaction; M = maximum moment at the center 
_ of a beam two panels in length (40 ft. in this case); and d = panel length ~ 
=20 ft. From Fig. 142, p. 118, wheel 4 gives maximum moment at the 
center of a 40-ft. beam. This moment is found to be 


M = 1,000[2,693.75 + (145) (1)]?%o — 600 = 819,400 lb. 
Hence 
_ (2)(819,400) 
7 (20) 


The chord and web stresses calculated above are shown on the truss 
members in Fig. 23. 

4d. Maximum and Minimum Stresses.—Maximum and 
minimum stresses for the truss under consideration are determined by — 


Rk 


= 81,940 lb. 


Dead load and 
uniform live load. 


t24,000 "24,000 +58,400 


() 


Dead load and 
Cooper’s E-50 
loading. 


724000 tE4Z 000 438,400 
(6) 


Fie. 24.—Maximum and minimum stresses, through Pratt truss without counters. 


combining the dead load stresses shown on Fig. 21b and the live load 
stresses shown on Figs. 22 or 23, depending upon the type of live load in 
use. Figures. 24a and 6 show the maximum and minimum stresses 
for both types of live loading. 

5. Stresses in a Through Pratt Truss with Counters.—From Fig. 24 
it can be seen that members near the center of the truss are subjected to 
a reversal of stress. As stated in Art. 3, reversals of stress may 


be prevented by placing counters in panels in which the combined shears 
change sign. 
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In determining the stresses in a truss with counters, attention must be 
paid to the form of the truss under any given loading. The form of the 
truss is dependent upon the shear in the panels of the truss. Assuming 
the diagonal web members of Fig. 17 to be capable of taking tension only, 
positive shears in panels ab and bc will cause members Ab and Bc to act, 
while negative shears in these panels will cause members aB and bC to 
act. Hence in choosing moment centers for chord stresses or in cutting 
sections for web stresses, the calculator must determine which members 
are in action for the given loading conditions before he can proceed with 
his calculations. 

To illustrate the methods of stress calculation for Pratt trusses with 
counters, consider the truss of Fig. 19 with the additional requirement 
that web members are not to be subjected to reversals of stress. Uniform 
live loading and E-50 train load conditions will be considered. 

5a. Uniform Loading.—As stated above, counters are 
required in panels where the combined shear changes signs. For the 
truss under consideration, the combined shears are given in the follow- 
ing table. The shear values are taken from Arts. 4a and b. 


CoMBINED SHEARS 
Dead Load and Uniform Live Load 


Combined shear 
Dead load | Positive live | Negative live 
= ane! shear load shear load shear 
DL and +LL | DL and —LL 
ab +30,000 +75 ,000 0 +105 , 000 + 30,000 
be +18 ,000 +50 ,000 — §,000 + 68,000 + 13,000 
cd + 6,000 +30 ,000 —15,000 + 36,000 — 9,000 
de — 6,000 +15, 000 —30,000 + 9,000 — 36,000 
ef —18,000 + 5,000 —50,000 — 13,000 — 68,000 
tg —30,000 0 —75,000 — 30,000 —105 ,000 


From the above table, it can be seen that reversals of shear occur only 
in panels on either side of the cen- 
ter of the truss. Hence counters 
are required only in these panels. 
The dotted lines in Fig. 25 show the 
required arrangement of counters. 

Chord stresses in trusses have 
been shown to have their maximum 
values when the truss is completely 
loaded. For such loading conditions, shears on the left of the truss cen- 
ter are positive and shears on the right of the center are negative. The 
main members, shown by full lines in Fig. 25 are then in action and the 

16 
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form of the truss is the same as shown in Fig. 19. Hence the maximum 
and minimum chord stresses have the same values as given in Art. 4d. 
These values are shown on Fig. 26. 

Stresses in web members of a truss occur under partial live loading. 
Generally it will be found that the maximum stress in a web member 
located to the left of the truss center is caused by the combined shear 
due to dead load and positive live load shear. The minimum stress is 
generally caused by the combined shear due 
to dead load and negative live load shear. 
In center verticals of Pratt trusses dead 
load only often gives a smaller stress than 
the combination mentioned above. 

The stress in members aB and Bc of Fig. 
25 will be the same as for the truss of Fig. 
19, for the form of the truss in panels ab and 

Fie. 26.—Maximum and min- bc is’ unaffected by the presence of counters. 
imum stresses, through Pratt truss To determine the stress in member Cd of 
with counters. Dead load and uni- _, ‘ 
form live load. Fig. 25, cut a vertical section a-a through 

panelcd. This section cuts member Cd and 
also the counter Dc. However, as explained on p. 232, only one of these 
diagonals can be in action at any time; the diagonal subjected to ten- 
sion by the existing shear will be in action while the other diagonal will 
have zero stress. Hence to determine the stress in Cd, the form of the 
truss must be determined for the loadings giving combined positive and 
negative shears in panel cd. When the form of truss is known the 
stress in the member can readily be determined. 

Figure 27a shows the position of loads causing maximum positive 
combined shear in panel cd. To the right of section a-a, each joint load 


Tels PAE 


is 42,000 Ib. (12,000 dead load, 30,000 live load), and to the left of section 
a-a, each load is'a dead joint load of 12,000 lb. For this loading, the 
combined shear in panel cd, as given in the table on p. 241, is +36,000 lb. 
Under positive shear in panel cd, member Cd is in action and the form of 
truss is as shown in Fig. 27a. Hence, stress in Cd = (36,000) (1.28) = 
43,080 Ib. tension. This stress in Cd is the same as given in Fig. 24a for 
the Pratt truss without counters. For the form of truss shown in Fig. 
27a, note that the counter is not in action and hence its stress is zero. 
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The position of loads causing maximum combined negative shear in 
panel cd is shown in Fig. 276. Since the shear in panel cd is negative, 
the counter De is in action and the form of truss is as shown in Fig. 270. 
Hence, stress in De = (9,000) (1.28) = 11,520 1b. tension. Note that the 
simultaneous stress in Cd is zero, for the main member is inactive when 
the counter is in action. 

Figure 26 shows the maximum and minimum stresses in the main 
member and counter in panel cd. The minimum stress in each diagonal 
is zero. It occurs when the other member in the panel is in action. On 
comparing the stresses shown in Figs. 24a and Fig. 26, it will 
be found that the maximum stresses shown for member Cd on the 
two figures are the same. The maximum stress shown on Fig. 26 forthe 
counter Dc is the same in amount but. opposite in character to the mini- 
mum stress shown on Fig. 24a for member Cd. Note that the diagonals 
are subjected only to tension when counters are present. 

To determine the stress in the vertical Cc Fig. 25, cut a section b-b. 
This section cuts the vertical Cc and also the counter Dc. Before the 
stress in Cc may be calculated the form of the truss must be determined. 

Placing the loads on the structure which cause maximum positive 
combined shear in panel cd, the form of the truss is as shown in Fig. 27a. 
Hence the stress in Cc is equal to the shear on section b-b. This shear is 
_ 36,000 lb. (positive). Therefore the stress in Cc is 36,000 lb. compression. 
This stress was calculated on the assumption that all of the dead load is 
applied at the lower chord joints. If one-third of the dead panel load 
(4,000 Ib.) is transferred to the top chord, the stress in Cc, determined by 
means of the correction given on p. 235 is 36,000 + 4,000 = 40,000 Ib. 
compression. 

When the loads are placed on the structure so as to give maximum 
negative combined shear in panel cd, the arrangement of loading and form 
of truss is shown in Fig. 275. For the conditions shown in Fig. 27), 
the stress in Cc is determined by considering conditions at joint C. Hence 
the stress in Cc is zero. On transferring one-third of the dead joint load 
_ to the top chord, the stress in Cc becomes equal to this joint load, or 4,000 
lb. compression. Maximum and minimum stresses in Cc are as shown on 
Fig. 26. 

The stress in the center vertical Dd is determined by methods similar 
to those used for Cc. To determine the stress in Dd, cut a section c-c 
as shown in Fig. 25. This section cuts member Dd and member De and 
Ed. Since section c-c cuts panel de, the combined shears in this panel 
must be used in determining the form of the truss. 

Figure 28a shows the loads in position for maximum positive 
combined shear in panel de. For the position of loads shown the 
shears in panels de and cd are positive. Hence members Cd and De are 
in action and the form of truss is as shown in Fig. 28a. Therefore stress 
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in Dd = shear in panel de = 9,000 lb., compression. On transferring one- 
third dead panel load to the upper chord points, stress in Dd = 9,000 + 
4,000 = 13,000 lb. compression. 

The minimum stress in member Dd will occur either under the dead 
load acting alone, or for the loading causing maximum combined negative 
shear in panel de. This latter loading is shown in position of Fig. 280. 
Since the shear in panel de is negative, member Hd is in action. For the 
loads shown on Fig. 280, it can readily be seen that the simultaneous 


ETGs 28. 


shear in panel cd is +6.0. Hence member Cd is in action in panel cd 
and the form of truss is as shown in Fig. 28b. Note that under dead load 
alone, the truss also assumes the form shown in Fig. 28b. Therefore, 
the minimum stress in Dd = joint load at D. Assuming one-third of the 
dead joint load transferred to the top chord, stress in Dd = 4,000 lb. 
compression. 

In Pratt trusses where the number of panels is even and greater than 
six, it will generally be found that the loading causing maximum combined 


¢ of truss-» 


SS eed 
; Dead load orly 

Dead and 

live load () 
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negative shear in the panel to the right of the center vertical (for example, 
panel ef Fig. 29) produces a simultaneous shear in de (the panel to the 
left of the center vertical) which is also negative The resulting form of 
the truss is then as shown in Fig. 29a and the stress in the center vertical 
is determined by shear on section a-a. It will be found that the 
stress in the center vertical determined for the conditions shown in 
Fig. 29a is always greater than the stress in this member when the dead 
load only is acting and the form of the truss is as shown in Fig. 29b. 
Hence it is best to determine the minimum stress in the center vertical 
from a consideration of the truss under dead load only. The stress 
determined for the loading conditions shown in Fig. 29a is neither the 
maximum nor the minimum stress, but results in a stress somewhere 
between the desired values, 
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Maximum and minimum stresses for the truss of Fig. 25 are shown 
in Fig. 26. 
5b. Train Loading —Maximum and minimum stresses in 
the truss of Fig. 25 due to dead load and a live load consisting of Cooper’s 
E-50 engine loading are determined by methods exactly similar to those 
given above. The following table gives the combined shears in the 
several panels, using values computed in Arts. 4a and c. 


CoMBINED SHEARS 
Dead Load and E-50 Train Loading 


Combined shear 
al Dead load | Positive live | Negative live) 
shear load shear load shear 
DL and +LL | DL and —LL 
ab +30,000 +168 ,085 0 +198 ,085 +30,000 
be +18 , 060 +111,055 — 8,400 +129 ,055 + 9,600 
cd + 6,000 + 63,400 —31,400 + 69,400 — 25,400 
de — 6,000 + 31,400 —63 , 400 + 25,400 —69 , 400 


ee le ee eee 


Maximum and minimum stresses in the end post aB and in the 
diagonal Bc are equal respectively to the combined shears given in the 
above table for panels ab and 6c 
multiplied by sec 6. The maxi- 
mum stress in the main diagonal 
Cd is equal to the combined dead 
load and positive live load shear 
in panel cd times sec 0, and the 
maximum stress In the counter @ +24000 b 424000 € 738400 
De is equal to the combined dead Fre. 30.—Maximum and minimum stresses, 
load and negative live load shear Through Pratt truss with counters. Dead load 
3 3 and Cooper’s E-50 loading. 
in panel cd times sec 0. Both 
stresses are tensile. The minimum stress in these members is zero. Fig- 
ure 30 shows the resulting stresses in these members. 

Maximum stress in the verticals Ce and Dd are due respectively to 
the combined dead load and positive live load shears in panels cd and de. 
The resulting stresses, corrected for the portion of the dead load at 
the top chord, are shown in Fig. 30. Minimum stress in the vertical 
Ce occurs for the loading causing combined dead load and negative live 
load shear in panel cd. The form of the truss is found to be as shown 
in Fig. 27b. Hence the stress in Ce is equal to the dead joint load at GC: 
The minimum stress in Dd occurs when only the dead load is on the 
structure, form of turss as shown in Fig. 27a. 
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Maximum and minimum stresses in all chord members and in the 
end vertical Bb are the same as for the through bridge without counters. 
All stresses are shown on Fig. 30. 

On comparing the stresses shown in Fig. 246 for the truss without 
counters, and those given on Fig. 30 for the same truss with counters, 
it will be noted that only the web members in the panel containing the 
counter have been affected by the introduction of the counter. 

6. The Through Pratt Truss with an Uneven Number of Panels.—The 
general methods employed in the determination of stresses in this form 
of Pratt truss are the same as given in the preceding article. How- 
ever, in determining stresses in chord members near the center of the 
truss, careful attention must be paid to the action of the web members 
in the center panel. Two general cases will be considered: There are 
two members in the center panel each designed so that they may be sub- 
jected to reversal of stress: Counters are provided in the center and adja- 
cent panels and diagonals are designed to take tension only. 

When members capable of resisting reversals of stress are provided 
in the center panel, the form of truss under unsymmetrical loading is 
shown in Fig. 3la. In determining the stresses in these members it 
is sufficiently accurate to assume that each member carries one-half the 
shear in the panel. The stresses are therefore equal, one member being 
in tension, the other in compression. To determine the stress in chord 
members DE or de, Fig. 31a, cut a section a-b through the intersection 
of the diagonal members and remove the portion of the structure to the 
left of this section, as shown in Fig. 31b. For stress in the top chord 
member take moments about 6; for stress in the bottom chord member, 
take moments about a. In either case it can readily be seen that the 
diagonal stresses, S; and S: do not effect the moment at the given center, 
for these stresses are equal in amount, opposite in character, and their 
lines of action are equidistant from the moment center. 

When the applied loading is a uniform load, the moment at b is 
equal to the moments at d or e, for the shear in the center panel is 
zero. Under train loading, the moment at a or b must be determined by 
the methods used in Art. 2b for the top chord stresses in the Warren 
truss of Fig. 5. 


FIG. ols 


Illustrative Problem.—Calculate the stress in chord member DE of Fig. 31a for 
Cooper’s E-50 loading. Assume that members De and Ed are both in action. 
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Moment center at b. The criterion for position of loads for maximum moment 
at b, as given by Eq. (45), p. 123 is 


G 1 


Try wheel 12 at ¢. For the position of loads shown in Fig. 31a,@ = 405, G, = 177.5, 
and G, = 37.5 to 62.5. Substituting these values in the above criterion, 


G4)(405) — [177.5 + 04)@7.5)] = + 
(4)(405) — [177.5 + 24)(62.5)] = — 


Wheel 12 satisfies the criterion. By the same process it was found that wheel 13 at 
¢ also satisfies the criterion. Wheels were also tried at d, but none satisfied the 
criterion. The load position shown in Fig. 31a was found to give maximum 
moment at b. 

The moment at b for the loads shown on Fig. 31a is 


M, = 4(Ma + M.) 


Now 
ips | 20,455 + (355)(20) + (Jeres)| Coo. — 200,400 
and 
Ma = (R:)(60) — [4,370 + (177.5)(1)] = 7,476,500 
M, = (R1)(80) — 8,385 = 7,647,000 
Hence 


M, = 7,562,000 ft.-Ib. 
Stress in CD = Lae = 302,480 lb. compression 

When a Pratt truss with an odd number of panels is provided with 
counters, the presence of these members complicates the determination 
of stresses in chord members near the truss center. The general methods 
to be employed in stress calculation will be ‘Illustrated by means of a 
seven-panel truss, as shown In Fig. 320. It will generally be found that 
counters are required in the three panels near the truss center, as shown 
by the dotted line members. 

Under uniform loading, only the full line members in Fig. 320 will 
be in action. The stresses in all members are readily found by the meth- 
ods given in the preceding articles. 

Under E-50 engine loading, stresses in chord members near the ends 
of the span and stresses in all web members are determined by methods 
similar to those used in the preceding articles. Stresses in chord mem- 
bers near the center of the span depend upon the form of truss for the 
given loading. Hence the simultaneous shears must be calculated and 
the form of truss determined before the proper moment center can be 
selected and the bending moment calculated. 

In determining the stresses in the top chord members in the center 
panels where counters are located, that is in members CD, DE and EF 
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of Fig. 32a it will generally be found that when the E-50 train loading 
is placed in position for maximum moment at joint d the shear in all 
panels to the left of d is positive and the shear in all panels to the right of 
dis negative. The form of the truss is then as shown in Fig. 32b. Maxi- 
mum moment at d gives the chord stress for member CDE. When the 
loads are placed in position for maximum moment at e, it will generally 
be found that all panels to the left of e have positive shear and all panels 
to the right of e have negative shear. The form of the truss is then as 
shown in Fig. 32c and the stress in DEF is given by moment ate. In 
designing the top chord section from C to F, the maximum live load 
stress is determined by the greater of the moments at d and e. 

In calculating the stress in the bottom chord member d-e of Fig. 32a, 
it is to be expected that the moment center will be located at D or at HE. 
On placing the train load on the truss in position for maximum moment at 


Saal ROROS SS 


(e) 


Fie. 32. 


D, it generally will be found that the shear in panel de is negative. The 
form of the truss is then as shown in Fig. 32b. Hence D isnotthe proper 
moment center. On placing the train load in position for maximum 
moment at #, it will be found that the shear in panel de is positive and the 
form of the truss as shown in Fig. 32c. Again, EH is not the proper 
moment center. Hence for the conditions stated above, the maximum. 
stress in de may be due to one of the following conditions: (a) Moment at 
E for loads in position for maximum moment at d ; (6) moment at D for 
loads in position for maximum moment at e. 

It will generally be found that a stress in de greater than the one given 
by either of the above load positions is produced when the shear in the 
center panel is zero. This statement can readily be shown to be true by 
noting the effect on the stress in de of a change in the position of the 
loads. Thus, when the loads are in position for maximum moment at d 
Fig. 32b, it will be found that moving these loads to the left will re 
an increase in the moment at H. This increase in moment will be found 
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to continue as long as member d# remains in action, that is, as long as the 
shear in panel de remains negative. As soon as the shear in panel de 
becomes positive, the form of truss changes to that shown in Fig. 32c 
and it will be found that the stress in de becomes smaller. Similar 
conditions are found to exist for moment at D, Fig. 32c. Hence we 
conclude that the greatest stress in de occurs for zero shear in panel de, 
or, when the moment at D and FE are equal. This position of loads must 
be determined by trial, as shown in the problem which follows: 


Illustrative Problem.—Assume the truss of Fig. 32a to consist of seven 25-ft. 
panels and that the height of truss is 30 ft. Calculate the maximum chord stress in 
members DE and de. 

Stress in DE.—As stated above, the moment center for member DE may be at 
joint d or at joint e. From Fig. 141, p. 112, wheel 11 gives maximum moment at d 
and wheel 13 gives maximum moment at e. 

When wheel 11 is placed at joint d, Fig. 32d, we find for the conditions shown that 


R= [20,455 + (355)(55) + G) (55)2(2.5)] ae = 250,100 Ib. 


Shear in panel cd = 
R, — Coads 1 to 7 plus joint load at c due to loads 8 to 11) 


50 100 (145,000 ak ee) = +77,000 lb. 


The shear in panel de is 
Vae = R, — (loads 1 to 11 plus joint load at d due to loads 12 to 15) 


Ve 250 100r | 215,000 fe, SNE (01,2800) 


25 
— 10,600 lb. 
Hence the form of truss is as shown in Fig. 32d. Moment at d is 


Ma = (21)(75) — 7,310 = 11,447,500 ft.-lb. 
Stress in DH = ne = 381,250 lb., compression 
When wheel 13 is placed at e, we find Ri = 209,460; Vae = +7,960 lb.; form of truss 
as shown in Fig. 32c; moment at e = 11,361,000 ft.-lb.; stress in DE = 378,700 lb. 
Hence maximum stress in DE occurs for wheel 11 at d. 
Stress in de.—By trial it was found that zero shear ip panel de occurs when wheel 
10 is placed at joint d, as shown in Fig. 32e. For the loading shown 


Roe | 20,455 + (355)(47) + () (a7°@.5) | Pee = 228,000 Ib. 


Vae = R1 — (loads 1 to 10 plus joint load at d due to loads 11 to 14) 


0 + (100,000)(2 
Vae = 228,000 — | 190,000 =F a ¢ | =0 
Moment at d = (R:)(75) — 5,790,000 = 11,310,000 ft.-lb. 
Stress in de = a = 377,000 lb. tension 


As stated on p. 248, maximum stress in de may sometimes be found for the load 
positions giving maximum moment at D or E. With wheel 9 at d, form of truss as 
shown in Fig. 32b, the moment at EH is found to be 11,180,000 ft.-lb., and with wheel 
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13 at e, form of truss as shown in Fig. 32c, the moment at D is 11,161,700 ft.-lb. 
Since both of these moments are less than for the position of loads giving zero shear in 
the center panel, the maximum stress in de occurs for the load position shown in Fig. 
32e. 


The general method of procedure followed in the solution of the above 
problem will be found to apply to all seven-panel Pratt trusses except 
those with panel lengths from 16 to 20 ft. In these trusses it was found 
that when the loads were placed in position for maximum moment at 
point d, Fig. 32, the shear in panel de was positive and the form of truss 
as shown in Fig. 32c. Hence the moment center for de is at D. It was 
found that the stress in de for moment at D was greater than for the 
position of loads giving zero shear in panel de. 

7. The Deck Pratt Truss.—The general methods of stress analysis 
for a deck Pratt truss are exactly the same as for the through truss. Let 


Thru Bridge Deck Bridge 
(a) (6) 


Fie. 33. 


Fig. 33 show through and deck Pratt trusses of the same span support- 
ing panel loads of the same magnitude. In the through bridge, Fig. 33a, 
all loads are assumed as applied at the lower chord and in the deck 
bridge, Fig. 33b, all loads are applied at the top chord. 

For the conditions shown in Fig. 33, it can readily be seen that the 
reactions and the moments at the several panel points are equal for the 
through and deck bridge. Hence the chord stresses for the two trusses 
are equal. Also, the shears on vertical sections, such as x-z, are the same 
for the two trusses. Since stresses in the diagonals are determined by 
shears on the vertical sections, it is evident that the stresses in diagonal 
members of the through and deck trusses are equal. 

As shown in Art. 4a the stress in a vertical of the through bridge, as for 
example Cc of Fig. 33a, is given by the shear on section y-y. For the 
conditions shown, this shear occurs in bottom chord panel c-d and its 
value is Ri — 2W. . 

To determine the stress in the corresponding member of the deck 
truss, which is Ce of Fig. 336, cut a section y-y. The summation of forces 
to the left of this section, which is the shear in top chord panel BC, is 
seen to be Ri — W. Hence the stresses in the verticals of a deck truss 
are in general greater than those in the through bridge. 

To avoid the confusion which often occurs in selecting the proper 
shear for stress determination in verticals of a Pratt truss, the following 
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rule is useful: Cut a section, as y-y Fig. 33, through the member whose 
stress is desired. To determine the panel in which the shear is to be 
taken, follow this section to the chord on which the live load is carried 
(lower chord in through bridge, top chord in deck bridge). 


o Lead load 
600 /b per fi Per truss 
Live load 
(500 /b. per Fi Uri form 
load or Coopers £-50 


~GE@L0"=/20'_ 


Pid. 34. 


On applying the above rule to the through truss of Fig. 33a, the sec- 
tion y-y leads to the lower chord, panel c-d. For the deck bridge of Fig. 
33b, the section leads to top chord panel BC. 

The above discussion assumes all of the applied load as carried on 
one chord. If the dead load is divided between the two chords, it can 


Dead load and uniform 
live load, truss without 
counters. 


196,400 of 


(a) 


-/5/4200 D 


Dead load and uniform 
live load, truss with 
counters. 


4 124000 c 436400 


(2) 


A_-158500 8 -248600 C -273,290 D 


Dead load and Cooper’s 
E-50 loading, truss with 
counters 


b 24000 c 38400 of 


(oe 


Fie. 35.—Maximum and minimum stresses, deck Pratt truss. 


readily be shown by an analysis similar to the one given on p. 233 that 
the stresses in chord and diagonal web members remain unchanged. The 
stresses in vertical members are changed on dividing the dead load 
between the two chords. As in the case of the through bridge, the stresses 
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in the verticals of the deck bridge due to divided panel loads may be 
determined from the stresses due to undivided panel loads by means of a 
correction, which is applied in the following manner: Calculate the 
stresses in the verticals assuming all of the load as applied at top chord 
panel points. For verticals in compression, reduce their stress by the 
amount of load moved to the lower chord; for tension verticals, zncrease 
their stress by the load moved to the bottom chord. 

To illustrate the methods of stress calculation for the deck Pratt 
truss assume that the truss of Fig. 19 is converted into a deck structure 
by transferring the loads to the top chord and by changing the direction 
of the end post, as shown in Fig. 34. The dead load will be taken as 600 
Ib. per ft. per truss. Two-thirds of this load will be assumed as carried 
by the top chord panel points and one-third as carried by the lower chord 
points. Live load stresses will be determined for a uniform load of 1,500 
lb. per ft. per truss and for E-50 train loading. All of the live load will 
be applied at top chord joints. 

Since the dimensions and loadings for the truss of Fig. 34 are the same 
as for the truss of Fig. 19, the moments at panel points and the shears 
in the panels will be the same as calculated in Art. 4; this work will not 
be repeated here. Except for members in the end panel of Fig. 34, all 
chord and diagonal web stresses are the same as given in Art. 4. Figures 
35a and b show the maximum and minimum stresses in these members 
for uniform loading for the truss with and without counters. 

The general methods for the determination of stresses in the verticals 
of the truss of Fig. 34 are the same as given in Art. 4. From p. 238, the 
combined shears due to dead load and uniform live load are as follows: 


CoMBINED SHEARS 
Dead Load and Uniform Live Load 


Panel Dead load | Positive live | Negative live gael 
shear load sh load sh 
Ae ee end ee LEAL andes 
AB +30 ,000 +75 ,000 0 +105 , 000 +30 ,000 
BC: +18, 000 +50, 000 — 5,000 + 68,000 +13 ,000 
CID + 6,000 +30 ,000 —15,000 + 36,000 — 9,000 
DE — 6,000 +15 ,000 —30, 000 + 9,000 —36 ,000 


Consider first the truss without counters, as shown in Fig. 36a, and 
assume all loads as applied at the upper chord joints. The stresses in 
members Bb and Cc are determined for shear on sections 1-1 and 2-2 
respectively. For section 1-1, shear in panel AB determines the stress 
in Bb. Hence for member Bb, maximum stress = 105,000 lb. compres- 
sion; minimum stress = 30,000 lb. compression. For member Cc, shear 


Ea O78 TF 
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on section 2-2 in panel BC, we have maximum stress = 68,000 lb. com- 
pression; minimum stress = 13,000 lb. compression. The stress in verti- 
cal Dd is due to the joint loads at D. Maximum stress = sum of dead 
and live joint loads = 30,000 + 12,000 = 42,000 lb. compression; 
minimum stress = dead joint load = 12,000 lb. compression. 

On transferring one-third of the dead load to the lower chord points, 
the above stresses will be reduced by the amount of load moved to the 
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lower chord. ‘The corrected stresses, which are shown on Fig. 35a, are 
then as follows: 


Stress with all load at top chord L Corrected stress 
Member oad moved to 
Max. | Min. ser chord Max. | Min. 
Bb —105,000 —30,000 4,000 —101,000 —26 ,000 
Ce — 68,000 —13 ,000 4,000 — 64,000 — 9,000 
Dd — 42,000 | —12,000 4,000 = 82 rn || = 5,000 


pe ee 
— denotes compression 

When counters are required, the combined shear table given above, 

shows that they must be provided in panels CD and DE. The arrange- 

ment of members is then as shown in Fig. 34. 

Since there are no counters in panels AB or BC, the stress in Bb is 
the same as given above for the truss without counters. 

In determining the stress in Ce consider first. the loading which gives 
maximum positive combined shear in panel BC. This loading is shown 
in position on Fig. 36). For the conditions shown the combined shear 
in panel BC is +68,000 lb. (see table on p. 252). The simultaneous shear 
in panel CD is then 68,000 — 42,000 = +26,000 lb. Therefore member 
Gd is in action in panel CD, the counter De is inactive, and the form of 
truss is as shown in Fig. 36b. ‘The stress in Cc is therefore determined 
by the shear on section 2-2. Hence stress in Cc = 68,000 Ib. compression. 
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Figure 36c shows the loads in position for minimum combined shear in 
panel BC. For the conditions shown, shear in panel BC = +13,000 lb. 
and the simultaneous shear in panel CD = 13,000 — 12,000 = +1,000 
Ib. Hence member Cd is in action in panel CD, the form of truss is as 
shown in Fig. 36c, and the stress in Cc is 13,000 Ib. compression. Note 
that these stresses are the same as for the truss without counters. Apply- 
ing the correction to account for the fact that a portion of the dead load 
is applied at the lower chord joints, the final stresses in Cc are as shown on 
Fig. 350. 

In Fig. 36c, the shear in panel BC is greater than the joint load at C. 
Hence the shear in panel CD is also positive and the main member Cd 
is in action. The shear on section 2-2 then determines the stress in Ce. 
In some trusses it will be found that the shear in panel BC is less than the 
joint load at C. When this condition exists, the simultaneous shear in 
panel C'D will be negative and the counter De will bein action. The form 
of the truss will then be as shown in Fig. 36d. For the conditions shown 
in Fig. 36d the stress in Cc is determined by the joint load at C and not 
by the shear on section 2-2. 

The stress in the center vertical is determined in a similar manner. 
Figure 36e shows the loads in position for maximum combined shear in 
panel CD (dead load and positive live load shear). For the conditions 
shown the simultaneous shear in panel DE = 36 — 42 = —6. Since 
shear in panel DE is negative, member dE is in action and the form of 
truss is as shown in Fig. 36e. The stress in Cc = joint load at D = 
42,000 lb. compression. 

The minimum stress in vertical Dd is due to the dead joint load at 
joint D. It occurs under dead load only, form of truss as shown in Fig. 
36a. When the loads producing minimum combined shear in panel CD 
(dead load and negative live load shear) are placed on the structure, 
conditions similar to those described in Fig. 29 are found to exist. The 
resulting stress in the vertical is somewhere between the maximum found 
above and the true minimum. Figure 35b shows the corrected maximum 
and minimum stresses in all members of the truss under consideration. 

Maximum and minimum stresses in the deck Pratt truss of Fig. 34 due 
to dead load and E-50 train loading are shown in Fig. 35c. Combined 
shears for dead load and E-50 train loading for the truss under con- 
sideration are the same as given in the table on p. 245. Maximum 
and minimum stresses in the diagonal web members are equal to the 
combined shears in the several panels times sec 6. Note that the result- 
ing values are the same as given on Fig. 30 for the through bridge, except 
that the character of stress in aB is changed due to the difference in 
slope of the end post member. : 

Maximum and minimum stresses in the vertical Bb of Fig. 35c are 
due to the maximum and minimum combined shears in panel AB (panel 
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ab in the table on p. 245). The form of truss for the loading causing 
maximum stress in Cc is similar to Fig. 366. Figure 36f shows the form 
of truss for the loading causing maximum stress in Dd. As shown in 
Fig. 36f and the table on p. 245, the combined dead load and positive 
live load shear in panel CD is +69.4. From the calculations given on 
p. 229, wheel 3 is placed at joint D for maximum positive shear in panel 
CD. Hence the live panel load at joint D is 80.2 (calculated by the 
methods given in Art. 71, p. 141) and the total dead and live joint load 
at D is 80.2 + 12 = 92.2. Therefore the simultaneous shear in panel 
DE is negative and the form of truss is as shown in Fig. 36f. The joint 
load at D therefore determines the maximum stress in Dd. Stress values 
for the vertical members given in Fig. 35 have been corrected for the 
portion of the dead load at the lower chord joints. 

Minimum stress in the vertical Cc will be found to occur when the 
form of truss is as shown in Fig. 36d. If wheel 1 is placed at B, train 
headed to the right, the live load shear in panel BC is found to be 6,460 
lb., negative shear. Since the dead load shear in panel BC is +18,000 
Ib. (see table on p. 245), the combined shear in panel BC is +11,540 Ib. 

-The dead joint load is 12,000 lb. Hence the simultaneous shear in 
~ panel CD is negative and the form of truss is as shown in Fig. 36d. There- 
fore the minimum stress in Ce is the dead joint load at the top chord 
joint, which is 8,000 lb. The minimum stress in the center vertical 
Dd is due to the dead load only. 

Maximum and minimum chord stresses are the same as for the 
through bridge, except for members near the end of the truss. 

8. The Howe Truss.—Figure 37 shows the general arrangement of 
members in six-panel through and deck Howe trusses. The Howe truss 
differs from the Pratt truss in 

that all diagonal web members / y 
in the Howe truss are in com- YD ONIX 
pression and all vertical members Meg oe meee 
are in tension. Note that if the Fia. 37. 
Pratt truss of Fig. 34 be rotated 
about AG as an axis so that points b to f lie above AG, the resulting truss 
is exactly the same as those shown in Fig. 37. 

The Howe truss was used extensively in the early days of bridge 
building when timber was plentiful and could readily be obtained at the 
bridge site. Both top and bottom chord members and all diagonal mem- 
bers were made of wood. Since the diagonals are in compression, con- 
nection between these members and the chords was made by means of 
bearing blocks. Very simple joint details were thus secured. Iron or 
steel rods were used for the vertical members. 

General methods of stress determination for the trusses shown in 
Fig. 37 are identical with those used for the Pratt truss. On comparing 
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the through Howe truss of Fig. 37a with the deck Pratt truss of Fig. 34, 
it can be seen that the general arrangement of members is identical. 
Also, except for members in the end panel, the deck Howe truss of Fig. 
37b and the through Pratt truss of Figs. 19 or 25 are identical. It will be 
noted that counters (shown by dotted lines) have been provided in all 
panels of Fig. 37. This was done in order to secure additional rigidity. 
Therefore, it can readily be seen that the methods of stress determination 
for a Howe truss are identical with those of the Pratt truss of similar 
arrangement as indicated above. Note, however, that all stresses in web 
members are opposite in character. 


TRUSSES WITH INCLINED CHORDS 


When the length of span exceeds about 175 ft., it is generally con- 
sidered advisable to use a variable height of truss in order to secure a gain 
Sembee in economy. As shown in preceding chapters, 
AN the bending moment diagram for a truss under 
ADEN full uniform load is a parabola. Hence if the 
(a) top chord panel points of the truss shown in 
Fig. 38a lie on a parabola which is similar in 
ANNA AVAVAN form to the moment diagram, the horizontal 
Curved Chord Pra 
(6) 


components of top chord are all equal and the 


simultaneous stresses in the diagonals are zero. 
When the truss is subjected to partial uniform 
BS Sas loading, the diagonal-members are all subjected 


to reversal of stress. Counters are therefore 
required in every panel, as shown in Fig. 38a. 

In practice it has been found that the use of counters in all but 
the center panels may be avoided and that a substantial gain in economy 
may be secured by using a flatter curve as shown in Fig. 38). Also 
the appearance of the structure is improved by the flatter top chord. 
Figure 38) shows a Pratt truss with a curved chord and Fig. 38c shows 
a curved chord Warren truss. : 

9. General Methods of Stress Calculation.—Stresses in chord mem- 


bers of a curved chord truss may be determined by means of the general 
formula 


Fria. 38. 


M 
a are (1) 


where S = stress in given member (compression for top chords, tension 
for bottom chords), M = moment at opposite chord point, and t = per- 
pendicular distance from member in question to moment center. 

In Fig. 39a, wichh shows a typical six-panel curved chord Pratt 
truss, the stresses in bottom chord members are determined from 
moments about opposite upper chord points as moment centers. The 
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distance ¢ of Eq. (1) is the vertical height of the truss at the moment 
center. Note that this is the same as for a truss with horizontal chords. 

Moment centers for top chord members are located at lower chord 
panel points. To detern.ine the stress in any top chord member, as BC 
of Fig. 39a, cut a section 1-1. Figure 39b shows the portion of the 
structure to the left of this section with all loads and forces in position. 
The moment center is at c, the intersection of stresses S; and S:. To 


determine the lever arm ¢, consider the similar triangles BGC and CHc, 
from which we have the proportion ¢t:d::h:f. Solving for t we derive 


eh (2) 


In this equation the several terms indicate distances shown on Fig. 39d. 
Note that f = (kh — Aa)? + d?|*, Having determined ¢ for the given 
member and the moment at c, the stress is readily determined by Eq. (1). 
The stress in any top chord member, as BC, may also be determined 
as follows: Let S, the stress in BC, be divided into its vertical and 
17 
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horizontal components. Denote these components by Sy and Sz respec- 
tively. Since S (or its components) may be considered as applied at 
any point on its line of action, assume that it is so applied that its vertical 
component Sy passes through the moment center c. Figure 39b shows 
the assumed conditions. Then 
M 
Eeuee 3 
Sams, (3) 
where M, = moment at c, and h = vertical height of truss at c. If 
a = angle between chord member and the horizontal, we have 


S = Sq seca (4) 


To show that Eqs. (1) and (4) give identical results, note from Eqs. (3) 
and (4) that 
~ heose 


(5) 


But from Fig. 39b, h cosa = ¢. Therefore these equations are identical. 
It is recommended that Eqs. (8) and (4) be used in calculating chord 
stresses instead of Eq. (1). 

The position of loads giving maximum chord stresses in the above 
equations is evidently the one giving maximum moment at ‘several 
moment centers. Since the conditions of the supports and the positions 
of the moment centers are the same as for the trusses considered in the 
preceding articles, the determination of maximum moments for uniform 
and train loading are exactly the same as for Warren and Pratt trusses of 
the same span length. 

10. Stresses in Diagonal Web Members.—To determine the stress in 
any diagonal web member, as Be, Fig. 39a, cut a section 1-1 and remove 
the portion of the structure to the left of this section, as shown in Fig. 39c. 
Two general methods will now be developed for the determination of 
stress in the web member. The first of these methods is considered 
preferable as the desired stress may be determined without reference to 
the stress in any other member. 

10a. First Method—The Method of Moments.—The stress 
S in member Be, Fig. 39c, may be determined by taking moments 
about point O, the intersection of the lines of action of chord stresses 
S; and S For the conditions shown in Fig. 36c point O is located 
on the lower chord produced at a distance s (k panels of length d 
each) to the left of the left support. On taking moments about O, con- 
sidering moments in the direction of the arrow as positive, we have 


+Ris — Wi(s + d) — Sr =0 6) 
from which 


fis — Wails + d) 


ae = (7) 
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Noting that the numerator of the right hand term is the moment of the 
applied loads to the left of section 1-1 about point O, which we will denote 
by Mo, we may write 
M. 

r 


S = 


(8) 


where r is the perpendicular distance from O to the line of action of S. 

The character of stress in member Bc may be determined from the sign 
of Eqs. (7) or (8). If Mois positive (counter-clockwise moments positive), 
the sign of Eq. (8) is plus, and S is tension, as assumed in Fig. 39c. A 
negative sign in Eq. (8) indicates that S is compression. It will be found 
convenient to assume in every case that S is tension. On adopting the 
above notation for moment, a plus sign will indicate tension and a minus 
sign will indicate compression in member Be. 

The lever arm r may be determined by scale from a layout of the 
truss, or it may be calculated directly from similar triangles in Fig. 39c. 
Consider the similar triangles OHc and Bbc, in which 


OH OCA B bes Be 


Now OH =r = required lever arm; Oc = t = distance from right end of 
panel containing section 1-1 to moment center O; Bb = hi = height of 
truss at left end of panel in question; and Be = length of member Bec. 
In terms of hi and panel length d, Be = (hi? + d?)”*, Solving the above 
proportion, we derive 

thy 


~ Get ee oe 


r 
The term ¢ in Eq. (9) may be determined from the similar triangles BCG 
and OCc, from which we readily derive 


h 
Sl 10 
(hy) ay) 
It is often convenient to express ¢ in terms of panel lengths d. Let q = 
number of panels of length dfrom Otoc. Then 
t h 
S Ss at 
t= a> Gh) My 
Having given q, the value of k (Fig. 39c) is readily determined. 

The stress in Bc may also be expressed in terms of its vertical compo- 
nent. Resolve S into its vertical and horizontal components, Sy and Su 
respectively, and apply these forces at point c, Fig. 39c. On taking 
moments about point O, we may write 


(12) 
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where M, has the same va ue as defined for Hq. (8). If 6 = angle between 
member Be and the vertical, 


S = oS.e-sec 6 (13) 


Note that Eq. (13) is similar to Eq. (2), p. 214, except that S, of Eq. (12) 
replaces the shear on the section. 
In substituting in Eq. (12), the value of , for the conditions shown in 
Fig. 36c is 
M, = Ris — Wi(s + d) (14) 


which may be written in the form 
M, = (Ry == Wi)s a Wid 


Note that Ri — W: = V, the shear on section 1-1 due to the applied 
loads, and that Wid = M, = moment about a, the left end of the truss, 
due to the panel loads between point a and section 1-1. Using this nota- 
tion, we have 


Equation (15) is in convenient form for calculation, as will be shown later 
(see problem on pp. 268 to 274). 

Load positions for maximum stress in diagonal web members may be 
determined by noting the effect of varying load positions on the value of 
M, of Eqs. (8) or (12). Uniform and concentrated loading conditions 
will be considered. 

Stresses due to uniform loading may be determined by two methods. 
These are: (a) Conventional Method, in which it is assumed that for 
partial loading of the truss, all panel points on one side of a section may 
be fully loaded with no load on the panel points on the other side of that 
section, and (b) Exact Method, in which the exact panel loads due to 
partial loading are taken into account. Similar loading conditions were 
assumed in trusses with horizontal chords. 

Consider first the conventional method of loading. For maximum 
tension in Be, as given by Eqs. (8) or (12), the value of M, from Kq. (14) 
must be positive (counter-clockwise, see Fig. 39c) and as great as possible. 
It can readily be seen from Eq. (14) and Fig. 39c that if any load W, 
exists, it produces negative moment, thereby reducing the positive value 
of M,. Therefore, to obtain maximum positive M o, make FR, as large as 
possible without placing any load at panel points to the left of section 1-1. 
This can be done by placing full panel loads at all points to the right of 
section 1-1, and none to the left. Note that this is the same as the load 
position for maximum positive shear on section 1-1. For maximum 
compression in Bc, the moment M, must be negative. The maximum 
negative value of M, is obtained when the negative moment due to loads 
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such as W1 is as great as possible and the positive moment due to Rj is as 
small as possible. This may be obtained by loading all possible points 
to the left of section 1-1, no load on points to the right, for it is evident 
that loads to the right of 1-1 have no effect on negative moment, but they 
do increase R,, thereby reducing the effective negative moment. 

General formulas for stress in any diagonal, as Bc, may readily be 
derived from the conditions shown in Fig. 39c. Assuming all joints 
to the right of section 1-1 fully loaded with panel loads W, the vertical 
component of stress in Bc is 


Wk 


Bae mo tr (16) 


For all joints to the left of section 1-1 fully loaded, no load to the right 
Wm 
Sy = ree 1)(k + n) (17) 


In these equations plus denotes tension and minus denotes compression. 
All dimensions are given in terms of panel lengths. The notation adopted 
is shown on Fig. 39. 

The stress in any vertical as Cc is determined by cutting a section 
2-2, as shown in Fig. 39d. General methods of analysis and loading 
conditions are the same as given above for a diagonal. The general 
formula for stress in the vertical is as follows: 


8 = —(Vk =I) Pees 


where V = shear on section 2-2; M, = moment about a of loads between 
section 2-2 and a; and k and q are respectively the number of panels 
from the moment enter O to R; and to the line of action of S. A plus 
sign in Eq. (18) indicates tension and a minus sign indicates compression. 
On substituting values of V and M, in Eq. (18), the stress in Cc for loads 
to the right or left of section 2-2 are found to be 

For all loads to right of panel cd 


Wk 
OS pape a eae (19) 
For all loads to left of panel cd 
W 


Position of Loads for Exact Stress in Web M: embers.—The exact posi- 
tion of a uniform load for maximum stress in a diagonal web member 
may be determined from the conditions shown in Fig. 40. In this case 
the partial panel load at 6 is also taken into consideration, 


262 . STRESSES IN FRAMED STRUCTURES [Sec. 3-10a 


To determine the true position of the uniform load for maximum stress 
in Bc, assume first that the uniform load extends a distance x into panel 
bc. By the methods given above calculate the stress in Bc. Then 
assume that the head of the uniform load is moved forward a distance 
A until it extends a distance x + A into the panel. Again calculate the 
stress in Bc. On subtracting the former stress from the latter, we have 
an expression for the change in stress in Bc due to a small movement of 
the uniform load. This expression for change in stress may also be 
derived by considering only the small piece of uniform d load of intensity 
w |b. per ft. covering a length A. This load is assumed as placed at a 


LS OM LLLILLLLMLLILLLLL ML ALL LLL LAL LLL LLL 
Cc cy ( 
Sy 


if 


ZN 


Ca 


w 16, per Fie” 
ae 
ee ated =e eee LE NT CO, Fis nS ee erg (ACL) ae ee 
27g. a= pare/ lerigtt 
Fie. 40 


distance x to the left of point c, Fig. 40. For the conditions shown in 
Fig. 40, the vertical component of stress in Be due to this small load is 
M, _ Rikd — Plkd + (m — 1)d] 


A os = 
Sy == a 


where 


wA wAx 


If for-a given value of x, Sy’ in the above equation is positive, we 
know that the stress is increased when the uniform load is advanced a 
distance A. If a negative result is obtained, we know that the forward 
movement of the load has decreased the stress in Be. Therefore, the 
stress in Be is a maximum when, for a certain value of x, Sy’ is zero, that 
is, Sy’ is neither increasing nor decreasing. To determine this value of L, 
place the expression for S,’ equal to zero and solve for x, from which we 
derive 

k(n — m) 
me tie orien 


To determine the maximum value of stress in Be, place the head of 
the uniform load a distance x to the left of c Fig. 40 and calculate the 


resulting stress by the methods given above. Tt will be found that Sy, 
the vertical component of stress in Be, is 


re ‘ : 
Sees On” m) [1 stg n(m—1)+ k(n — | q 
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In practice the exact position of loads is seldom used in determining 
stresses. The conventional method of loading, given above, yields 
stresses which are slightly on the side of safety. Moreover, the work of 
calculation is somewhat simplified by the use of the less complicated 
conventional method, which will be used in all the work to follow. 

Position of E-50 Train Load for Maximum Stress in Web Members.— 
To determine the position of a system of concentrated loads for maximum 
stress in any web member in a curved chord Pratt truss, as for example, 
diagonal Bc of Fig. 41a, we will first derive an expression for the change 
~ in vertical component of stress in Bc due to a small forward movement of 
the load system. It will generally be found that maximum stress in any 
web member occurs when loads are located in the panel containing the 


member in question and the portion of the truss to the right of that 
panel. In Fig. 41a let Gz represent the load in panel bc and let G repre- 
sent the total load on the structure. When these loads are moved a small 
distance A to the left, no load passing points 0, c or the right end of the 
span, certain changes take place in the values of RiandP. These changes 
may readily be shown to be 


From Eqs. (12) and (15), the change in vertical component of stress in 


Be, in terms of Rj’ and P’, is 
Gg = q = (21) 
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If the substitution of particular values in Eq. (21) yields a positive 
result, it is evident that a forward movement of the loads causes an 
increase in the stress in Bc. A negative result indicates a decrease in the 
value of Sy. A zero value indicates that the stress in Bc is neither 
increasing nor decreasing, but has reached its maximum value. Hence, 
on equating Eq. (21) to zero, the relation between loads and distances 
for the load position giving maximum stress may be determined 

On equating Eq. (21) to zero, we derive, 


S Ter G2— 0 (22) 
nC) 


which is the criterion for position of loads for maximum stress in any 
web member. In this equation, G@ = total load on structure; G2 = load 
in panel in which the shear is desired; n = number of panels in truss; 
m = number of panels from left support to right end of panel in which 
shear is desired; and k = number of panels from moment center O (Fig. 


ia 
41a) to left support. Note that except for the added term x k in the 


denominator of the first term, Eq. (22) is similar to Hig.eoo a Daeloos 
When the top chord of the truss of Fig. 41a is horizontal, O is located at 
infinity. Hence k becomes infinite and Eq. (22) reduces to the form of 
Eq. (55), p. 129. 

By means of analysis similar to the one given on p. 107, it can be 
shown that the criterion of Eq. (22) is satisfied when some wheel crosses 
point c. When the critical wheel is located to the right of c, Eq. (22) 
yields a positive value, and when it is located to the left of c, a negative 
result is obtained. Two positive results indicate that a further move- 
ment to the left is necessary, and two negative results indicate that the 
loads have been placed too far to the left and must be moved to the right 
to satisfy the criterion. Having located the proper load position by 
means of Eq. (22), the stress in the member is determined by means of 
Eqs. (12) and (15). The criterion of Hq. (22) applies also to a vertical 
web member. 

The live load portion of the minimum stress in the web members, or 
the maximum stress in the counters is best determined from a considera- 
tion of members on the right hand side of the truss. Figure 41b shows 
the loads in position for maximum positive shear in a panel to the right 
of the truss center. This load position will give maximum tension in 
the counter or maximum compression in the main member. For the 
conditions shown in Fig. 41}, it can readily be shown that the vertical 
component of stress in either web member cut by section 1-1 is 


Sy == (23) 
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where 
M,=Vk+M, (24) 


In these equations, M@, = moment about O; V = shear on section 1-1 
due to applied loads; M2 = moment about left end of span of loads to 
left of section 1-1; k = number of panels from left end of truss to moment 
center O, g = number of panels from line of action of vertical component 
of web member stress to moment center O. For stress in member De 
of Fig. 416, Eq. (23) carries a plus sign; for member Hd, a minus sign 
is used. A plus sign in Kq. (23) indicates tension; a minus sign indicates 
compression. When the minimum stress in a vertical is desired for a 
trusss without counters, we have 


(25) 


where M, has the value given by Hq. (24). The sign notation is as 
above. ; 
By an analysis similar to the one given above it can readily be shown 
that the criterion for position of loads for maximum stress in Eqs. (23) 
-or (25) is 
G 
= 
n(1 a, ) 
Fig. 41b shows the notation used. 
The above criterion differs from the one given by Eq. (22) only 
in the minus sign in the denominator of the first term. This difference 
is due to the fact that the moment center O of Fig. 416 is to the right of 
the truss while the moment center in Fig. 41a is to the left. Equation 
(26) may be obtained from Eq. (22) by changing the sign of k. 
The problem given in Art. 13 illustrates the application of these 
criteria to an actual truss. 
10b. Second Method—Method of Vertical Components.— 
On referring to Fig. 39c, it can be seen that a summation of vertical forces 
taken for section 1-1 contains as unknowns, the vertical components of 
the stresses in the diagonal Bc and the top chord member BC. It is, 
therefore, not possible to determine the stress in a web member of acurved 
chord truss by means of an equation involving only the stress in the diag- 
onal. Before the stress in the diagonal can be determined, the simultane- 
ous stress in the chord member must also be known. In this respect the 
method of vertical components is not as convenient as the method of 
moments, for the former method generally calls for additional calcula- 
tions in order to determine the top chord stress. 
From Fig. 39c, a summation of vertical forces gives 


—G,=0 (26) 


R, — W: — 8 cos 6 — S,sin a; = 
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Noting that R, — Wi = V, the shear in section 1-1, we may write 
S = (V — Si sin a) sec 0 (27) 


In this equation S, sin a; represents the vertical component of s¢multane- 
ous top chord stress. 

The stress in the vertical Cc may be determined from a summation 
of vertical forces to the left of Sec. 2-2, Fig. 39a. If V = shear on 
Sec. 2-2, we have 


= — (V — 8S; sin a) (28) 


The character of stress in any web member, either diagonal or verti- 
cal, is determined by the sign of the term (V — S; sin a) of Eq. (27). 
This term corresponds to the shear V of Hq. (2), p. 214, and the character 
of stress may be determined from Fig. 2, as in the flat top truss. 

Load positions for maxiraum stress are the same as given on the 
preceding pages. In the problem on p. 268, stress calculations are made 
by the method of moments as well as by the method of vertical 
components. 

11. Stresses in Tension Verticals.—The stress in the center vertical, 
Dd, Fig. 39a, is tension. When counters are used, the stress in Cc may also 
be tension for certain load positions. General 
methods for the determinaation of these stresses 
will now be given. 

The stress in vertical Dd may be determined 
by removing joint D together with all forces 
acting as shown in Fig. 42a. Let S; and S.repre- 
sent the top chord stresses meeting at the joint 
in question; let a, and a2 respectively be the an- 
gles which these stresses make with the hori- 

Fia. 42. zontal, assuming for the time being that these 

angles are unequal, which of course is not the 

usual case. The load W, represents any portion of the dead load which 

may be carried at joint D, and T represents the stress in the center ver- 
tical. From a summation of vertical forces, we readily derive 


f= Se sin (oay + So sin (ayy Wi : (29) 


when a; and a; are equal, the usual case, then also will S 1 and S»2 be equal, 
and we have 


T = 28 sin Ci W, (30) 


Note that S; sin a; is the vertical component of top chord stress. 

When counters are used in a curved chord truss, member Cd of Fig. 
39a drops out and the conditions at joint C are as shown in Fig. 42b. 
The stress in the vertical is equal to the summation of vertical forces. 
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Since the horizontal components of S; and S. must be equal, we may 
write, in terms of S,, 


T = 8S; cos a,(tan a, — tanar) — Wi (31) 


The stresses in these vertical members will generally be found to be 
tension, for the load W; is usually small. Maximum tension in the verti- 
cals will exist when the chord 
stresses have their maximum val- A 
ues. For the conditions shown in , 
Fig. 42a, the truss should in gen- 
eral be fully loaded. For the joint 
shown in Fig. 426, the maximum 
stress occurs for conditions dis- 
cussed in the problem on p. 268. 

12. Special Forms of Curved 
Chord Trusses.—Curved chord 
trusses are sometimes constructed 
with both chords curved, as shown 
by the sketch of Fig. 43a. Gen- 
eral methods of stress analysis and 


Cc 


ee 

load positions for maximum stress OSS SS Horizontal oe 

are the same as given in the pre- ee 4 

ceding discussion. (c) K Soll 
Figure 430 shows asection cut for ine ce 


the determination of chord stress 
in member BC. The desired stress may be determined by dividing the 
moment at b by the lever arm 1, or, the chord stress may be resolved 
into its vertical and horizontal components. On applying these com- 
ponents (shown by Sy and Sy on 
Fig. 48b), the value of Sy may 
be found, as explained for the 
truss of Fig. 39. The lever arms 
may be computed, or they may 
be scaled from a large size lay- 
out of the truss. This latter 
He We method will be found sufficiently 
accurate for all practical cases, 
and will result in a considerable saving of time. 

Diagonal or web member stresses may be determined from the condi- 
tions shown in Fig. 438c. 

Roof trusses for buildings are sometimes constructed as shown in 
Fig. 44. This type of truss is seldom used for bridges, except in the form 
of arches, which are treated elsewhere. It can readily be seen that the 
truss of Fig. 44 is not economical, for the minimum depth of truss occurs 
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at the point where the moment is the greatest. This requires very large 
chord members at the truss center, in which position the moment effect 
of the dead weight is large. By curving the chord in the opposite direc- 
tion (as in Fig. 39) greater economy may be secured. 

Stresses in chord members of Fig. 44 for live load are a maximum when 
the truss is fully loaded. For web members, either vertical or diagonal, 
the loading conditions for moving load depend upon the position of the 
moment center O, Fig. 44. When the moment center O for member Be, 
found by producing chord members BC and bc to an intersection, meets 
at a point between the two supports, the maximum stress in Be occurs 
when the truss is fully loaded. This can readily be seen to be true, for a 
load at any point on the span causes a positive moment at O, and hence a 
completely loaded truss will give maximum stress in the web member 
under consideration. When the moment center is outside the supports, 
as shown by point O, for member De, the loading conditions are the same 
as for the truss of Fig. 39. 

13. Stresses in a Curved Chord Truss.—To illustrate the application 
of the general methods of stress analysis for curved chord trusses, as 


g 2 
Dimensions of truss 
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given in the preceding article, consider a truss of the dimensions shown 
in Fig. 45a. Let the dead load be taken as 1,200 lb. per ft. per truss. 
The live load stresses will be calculated for uniform and concentrated 
load systems. Let the uniform load be taken as 3,000 lb. per ft. and let 
the concentrated load system be taken as an E-50 train load. The 
conventional method of calculation will be used for uniform loading. It 
will be assumed first that the diagonal web members are rigid and 
capable fo taking both tension and compression. A solution for stresses 
will also be made assuming that the diagonal web members take tension 
only and that counters are to be provided where necessary. 
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13a. Curved Chord Truss without Counters. 


Dead Load Stresses.—Dead panel load = (1,200)(20) = 24,000 lb. applied at 
joints b to f of the lower chord. No load at top chord. Reaction due to dead load = 
(54)(24,000) = 60,000 Ib. 

Chord Stresses. —Moments at all moment centers are as follows: 

Mz = My = (60,000)(1)(20) = 1,200,000 ft.-Ib. 
Mc = M. = (1,000)((60)(2) — (24)(1)](20) = 1,920,000 ft.-lb. 
Ma = (1,000)[(60)(80) — 24(1 + 2)](20) = 2,160,000 ft.-lb. 


Stresses in Members.— 
Me 1 ,200,000 


ab and bc = 50 = 0 = 60,000 lb. tension 
_ Mec _ 1,920,000 _ 2 
cd “94 ak 80,000 Ib. tension 


Using Eqs. (8) and (4) 
BC = ue sec ay = (4 20), aad Ger ae 81,600 lb. compression 


24 
Ma Sain 20:10\ — : 
(CID) “06 SEC a2 ( 26 \( 30 ) 83,600 lb. compression 


Web Members.—Method of moments, using Eqs. (12), (13) and (15). Distance 
from left reaction to moment center O from Eq. (11). 
Sections 1-1 and 2-2 


=e 


24 
24 — 20 =6 panels = 1208. = 
k = 6 — 2 = 4 panels = 80ft. =s 
Section 3-3 
26 
= 26 — 24 = 113} panels a 260 ft. ss i 


k = 13 — 3 = 10 panels = 200 ft. =s 


The dead load shears in the several panels are as follows: 
Go Vie— ti — 60,000): 
be V = 60,000 — 24,000 = 36,000 lb. 
cd V = 60,000 — (2)(24,000) = 12,000 lb. 

Member Bc. (Section 1-1.)—Value of M.. Use Eq. (15) with V = shear in 
panel be = 36,0001b; & = 4 panels; and M. = moment of panel load at b about a = 
(24,000) (1). Unit of length is the panel. 

M, = Vk — Ma, = [(36,000)(4) — 24,000] = 120,000 


From Eq. (12), using panel length units, 


ea pe . — 120,000 = +20,000 Ib. 


From Eq. (13) 
28.28 : 
Stress in Bc = S = Sy sec 6; = (20, ooo( 5) = 28,280 lb. tension 


(Section 2-2.)—Value of M,. Use Eq. (15) with V = shear in panel 


Member Ce. 
cd = 12,000 lb.; & = 4 panels; and Ma = moment of panel loads at b and ¢ about a 


(24,000)(1 + 2) = 72,000. 
M, = Vk — Ma = [(12,000)(4) — 72,000] = —24,000 
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From Eq. (18) 


Stress in Cc = S = 7 = = = +4,000 lb. tension 


Member Cd. (Section 3-3.)—V = 12,000 lb.; k = 10 panels; Ma = moment of 
panel loads at b and c about a = 24,000 (1 + 2) = 72,000. 


M, = Vk — Mz = (12,000)(10) — 72,000 = 48,000 
Sy ete oe SOs uO b: 
q 13 


31.24 : 
Stress in Cd = S = Sy sec 62 = +(3,690) =) = +4,800 Ib. tension 


28.28 
Member aB. (Section O-O.)—Stress inaB = R, sec @ = (60,000)( 755") = 84,840 


lb. compression. 
Member Dd. (Joint at D.)—Figure 42a, and Eq. (30). Stress in Dd = (2)(stress 


2 ; 
in CD)(sin a) = (2)(83,600)( 55 15) = 16,620 lb. tension. 


Member Bb.—Joint load at b = 24,000 lb. tension. 

These stresses appear on the left half of Fig. 45b as the minimum stresses except 
for members Bc, Cc and Cd. If it is desired to transfer one-third of the dead load 
(8,000 Ib.) to the top chord, add a compression of 8,000 lb. to stress in verticals Cc 
and Dd, and reduce the tension in Bb by 8,000 lb. Stress in Cc = +4,000 — 8,000 = 
—4,000 lb. compression; Stress in Dd = 16,620 — 8,000 = 8,620 lb. tension; stress in 
Bb = 24,000 — 8,000 = 16,000 Ib. tension. All other stresses remain unchanged. 

Live Load Stresses—Uniform Loading.—Panel load = (3,000)(20) = 60,000 Ib. 

Chord Stresses.—These may be determined by ratio from the dead load. Live 
oad stress = (89%4) dead load stress. The chord stresses are as follows: 


ab be = 150,000 lb. tension 
cd 200,000 lb. tension 
BC 204,000 lb. compression; CD = 209,000 Ib. compression. 


Web Members.—Stresses in aB, Bb, and Dd may be determined by ratio from the 
ead load, as in the case of chord stresses. These stresses are as follow: as= B 
212,400 lb. compression; Bb = 60,000 lb. tension; Dd = 41,600 lb. tension. 
Stresses in the remaining web members are calculated by the general methods 
ised for dead load stress in the same members. The shears in the several panels are 
as follows: 
Panel ab 
Positive shear (all joints loaded) = Ri = 5% (60,000) = 150,000 lb. 
Negative shear = 0 

Panel be 
Positive shear (joints c to f loaded) 


60,000 


V=R=~% 


(1 +2+3 +4) = 100,000 lb. 


Negative shear (joint b loaded) 


60,000 


(1) = —10,000 lb. 
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Panel cd 
Positive shear (joints d to f loaded) 
V = RB, = 0a + 2 + 8) = 60,0001b. 
Negative shear (joints b and c loaded) 
Vega ee ea 4.2) = —30,000 Ib. 


Stress in Bc.—For maximum tension in Bc load all joints to right of section 1-1 
(see p. 260). From Eq. (15), with V = positive shear in panel be = 100,000;s = k 
panels = 4 panels; and Mz = 0 (no load to left of section 1-1), we have 
M. _ (100,000) (4) 

qd 6 


Sv = = + 66,660 


and 
S = Sy sec 61 = (66,660) (35) = 94,200 lb. tension. 


For maximum compression in Bc, load all joints to left of section 1-1, Then V = 
negative shear in panel be = — 10,000; M.=moment of load at b about a =(60,000) (1). 


M, * (—10,000)(4) — 60,000 _ 
q 6 


Sip = 


16,660 


and 


S = Sy sec 6: = (16,660) = 23,600 lb. compression. 


Gr 28 

Stress in Cc. (Section 2-2.).—Maximum compression in Ce. Load joints d to f. 
V = positive shear in panel cd = 60,000 lb.; Ma = 0;k = 4 panels; and q = 6 panels. 
From Eq. 18, 


CSS Mo _ _ SOS! = —40,000 Ib. compression. 


Maximum tension in Cc. Load joints b and c. V = negative shear in panel cd = 
— 30,000 Ib.; Mz = moment of loads at 6 and c about a = 60,000(1 + 2) = 180,000. 
M, _ _ (—80,000)(4) — 180,000 
q 6 
Stress in Cd. (Section 3-3.)—Shears taken in panel cd. k = 10 panels; q = 138 
panels. For maximum tension in Cd, 


_ Me (60, 000)(10) (31.24) 1 
Si oe sec 0. = + (13) (24) = +60,000 lb. tension. 


Sa= = +50,000 lb. tension. 


For maximum compression in Cd 


M, _ (=30,000)(10) = (60,000)(1 + 2)] | (81.24) 
‘Sa th sec 02 = (13) (24) 


= —48,000 lb. compression 


Maximum and Minimum Stresses. Dead Load and Uniform Live Load.—These 
stresses are determined by adding the dead and live load stresses. Maximum stress 
is generally found by adding the dead load stress and the live load stress of the same 
kind. Minimum stress is generally found by adding the dead load stress and the live 
load stress of the opposite kind. The table below gives the detail work. Maximum 
and minimum stresses taken from this table are shown in the left half of Fig. 45b. 
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Zhe STRESSES IN FRAMED STRUCTURES 
Maxmum anD Minimum STRESSES 
Derap Loap AND Unirorm Live Loap 
Curvep Cuorp Truss witsoutT Counters, Fic. 45 
Dead load Live load Live load Maximum -| Minimum 
Delos stress tension compression stress stress. 
ab be +60 , 000 SEO) |) aaccuse re +210 ,000 +60 ,000 
cd +80 ,000 +-200,000 | 2.--...... +280 , 000 +80 ,000 
BC (3 GOO) | svoccdooe —204 ,000 — 285 , 600 —81,600 
CD EAM || Sashdac os —209 , 000 — 292 ,600 —83 , 600 
aB =SA R400) Bourne —212,400 —297 , 240 — 84,840 
Be +28 , 280 + 94,200 — 16,660 +122 ,480 +11 ,620 
Ce + 4,000 + 50,000 — 40,000 + 54,000 —36 ,000 
Cd + 4,800 + 60,000 — 48,000 + 64,800 — 43,200 
Dd +16 ,620 AES TAG OOE ||) ote cece + 58,220 +16 ,620 
Bb +24 ,000 SENOS || Gace otis + 84,000 +24 ,000 


+ = tension — = compression 


Live Load Stresses. E-50 Train Loading. 

Stresses in Chord Members.—Since the length and number of panels is the same as 
for the truss of Fig. 6, p. 215, the moments calculated on pp. 223 and 224 of Art. 2 for 
top chord moment centers may also be used for the truss under consideration in the 
present article. These moments for the several moment centers of Fig. 45 are as 
follows: 

Meg = Mz = 3,362,500 ft.-lb. 
Mo = M. = 5,255,000 ft.-lb. 
Ma = 5,745,600 ft.-lb. 


By the same methods as used on p. 269 for dead load stresses, the live load chord 
stresses for train loading are readily found to be as follows: 


Me _ 3,362,500 


ab and be = ie ue | = 168,1001b., tension. 
ce ee = °,280,000 = 219,000 Ib., tension. 
iC = a sec a1 = a) a) = 223,000 lb. compression. 
CD = a SeC a, = - CAG) es = 222,000 lb. compression. 


Stresses in Web Members. 

Member aB.—Shear on section O-O, Fig. 45a. 
for truss with horizontal chords. 
AB. V = 168,085 lb. 

28.28 


Stress in aB = (168,085) (3 = 


Load position and shear same as 
See p. 228 for calculation of shear in panel 


= 237,700 lb. compression. 


Member Bc.—Maximum tension in Bc. Section 1-1, Fig. 45a. Criterion for 
position of loads (Eq. (22) with n = 6, k = 4, and m = 2); 
G 


ap —~Gi=0 
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Try wheel 3 at c. Wheel 16 at right end of span; G =306.25 to 322.5; 75 
to 43.0; Ge = 37.5 to 62.5. Wheel 3 satisfies criterion, for values of os lie between 


values of G,, Wheels 2 and 4 were tried but did not answer. R, = go et z0 = 


120 
287,500 
125,400 lb. Panelload at b = 99 = 14,4001b. Shear in panel be = 111,000 lb. 


From Eq. (15) M. = (111,000)(4) — (14,400)(1) = 429,600. Stress in Bc = ue 


q 
429.6 28.2 f 
sec 6 = ( mu =)( = 101,300 lb. tension. 


20 


Maximum Compression in Be.—Conditions same as for member Fe, load headed 
left, section 6-6. Criterion for position of loads (Eq. (26) with n = 6; m =5; 


G 
13 = i@))s i= G2 = 0. Try wheel 2-atf. Wheel 5on the span by 5 ft.G = 112.5; 


< = 31.25;G, = 12.5 to 37.5. Wheel 2 satisfies criterion. Wheels 1 and 3 tried but 
UGS Se Caps) 


did not answer. cee 120 = 13,330 lb. Joint load at e = 
1 
> = 5,000 lb. . Shear in panel fe = 13,330 — 5,000 = 8,330 lb. From Eq. (24), 


M. = Vk + Ma = (8,330)(10) + (5,000)(4) = 103,300. (Note that M. = moment 
about a of joint load at e.) From Eq. (23). 


S= = = sec 9 = (Gra = 24,400 lb. compression. 


Member Cc.—Maximum compression in Cc. Section 2-2, shear in panel cd, Fig. 
; G 
45a. Criterion (Eq. (22) with n = 6; m = 3;k = 4); a= G2. = 0. Try wheel 2 at d. 
Wheel 11 ison span by 4 ft. G@ = 215;0 = 23.9; G: = 12.5 to 37.5. Wheel 2 satis- 
: 7,310 + (215) (4 
fies criterion. Wheels 1 and 3 did not answer. R: = 1,000 [ sietot ] = 


120 
il : 
68,100 lb. Panel load at c = one 5,000 Ib. Shear in panel cd = 68,100 — 


5,000 = 63,100 lb. From Eq. (18) 


Ge M,) 4 = —[(63,100)¢4) — (5,000)(2)1 4 


—40,400 lb. compression. 


S 


Maximum Tension in Cc.—Consider member Ee, section 5-5. Criterion (Eq. (26) 


with n = 6; m = 4; k = 10); - G,; = 0. Try wheel 3 ate. Wheel 9 is on span 


Divaronit mn Ga—mli7i(eor i = 42.2; G2. = 37.5 to 62.5. Wheel 3 satisfies criterion. 
Wheels 2 and 4 do not answer. 


a Salen (eae 50 | = 43,800 1b. 
4 120 
Panel load atd = Bi = 14,400 Ib. Shear in panel de = 43,800 = 14,400 = 


29,400 lb. From Eqs. (24) and (25) 
M, 29,400)(10 14,400)(3 
(ale 000) C18 4000) 


+56,200 lb. tension. 
18 
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Member Cd.—Maximum tension in Cd. Section 3-3, Fig. 45a. Criterion (Eq. (22) 
with n = 6, m = 3, k = 10); - —@,=0. Trywheel2atd. Wheel 11 ison span by 


4 ft. G = 215; S = 29.9; G. = 12.5 to 37.5. Wheel 2 satisfies criterion. Wheels 


Bul 215) (4 
1 and 8 do not answer. i = 1,000 ee | = 68,100 lb. Panel load at 
= oe = 5,000 lb. Shear in panel cd = 68, 100 — 5,000 = 63,100 lb. From 


oO 


M 
Eq. (15), Mo = (63, 100)(10) — (5,000)(2) = 621,000. Stress in Cd=-+ 2 sec 


= +(e eee ere AN 62,200 lb. tension. 


Maximum Compression in Cd.—Consider member Ed, section 4-4. Criterion 


(Eq. (26) with n = 6, m = 4, ip = Ileye a —G,=0. Try wheel 2 ate. Wheel 


= 161.25 to 177.5; es = 33.0 to 36.4; G. = 12.5 to 


4,370, 
Wheels 1 and 3 do not answer. fi _ 4,370,000 2A 


120 
il 
36,400 Ib. Panel load at d = a = 5,000 lb. Shear in panel de = 36,400 — 


5,000 = 31,400 lb. From Eq. (24), Mo = Vk + Ma = (31,400)(16) + (5,000)(3) = 
1 2 
518,000. S -™ sec 0 = ¢ Bs (5a Z = 52,0001b. compression. 


Member ea at D. From Eq. (29), stress in Dd = (2) (Stress in CD) 
: 2 
(sec ay) = (2)(222,000) (sa10) = 44,100 lb. tension. 
Member Bb.—Stress in Bb = floorbeam reaction for 20-ft. panel = 81,940 lb. 
See table on p. 142. 
Maximum and Minimum Stresses. Dead Load and Uniform Live Load.—These 


stresses, which are given in the following table and on the right half of Fig. 456, are 
determined by the methods used on p. 271 for dead load and uniform live load. 


9 is at right end of span. @ 


37.5. Wheel 2 satisfies criterion. 


Maximum AND MINIMUM STRESSES 
Derap Loap anp H-50 Train Loap 
Curvep Cuorp Truss wiTHouT CounTERS, Fic. 45 


en 


Aeriber Dead load . Live load Live load Maximum Minimum 
stress tension compression stress stress 
| 
ab bc +60 ,000 16S OOKIE seecreere rac +228 , 100 +60,000 
cd +80 ,000 =+-219 ,OO0UW Saou +299 ,000 +80 ,000 
BC =81/; GOO) sie Feet coke — 223 ,000 — 304,600 —81,600 
CD Ser) Wile ecege.ore co B.4 — 222 ,000 —305 ,600 —83 ,600 
aB ei S4 SAUi Wn eae —237,700 | —322,600 | —84,840 
Be +28 , 280 +101,300 — 24,400 +129 , 600 + 3,900 
Ge + 4,000 + 56,200 — 40,000 + 60,200 —36,400 
Cd + 4,800 + 62,200 — 52,000 + 67,000 — 47,200 
Dd +16 ,620 => 44,100): *.sgedneee + 60,700 +16 ,620 
Bb +24 , 000 + 81,940 +105 ,940 +24 ,000 


+ = tension 


— = compression 
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Stress analysis by the method of vertical components will be illustrated by detail 
calculations for stress in member Cc of Fig. 45a. 
Dead Load Stress.—Section 2-2, Fig. 45a. V = 12,000 |b. (see p. 269). Simultane- 
ous stress in top chord BC = 81,600 lb. From Eq. (28) 


Stress in Ce ="—(V —-Sisin a) 
=— | 12,000 =-(81 600) = 


wal = +4,000 lb. tension. 


Live Load Stress—Uniform Live Load.—Maximum compression in Cc. Loads at 
Joints d tof. V=-+ 60,000 (see p. 271). Vertical component of simultaneous top 


chord stress in BC = oe Ga) = (60,000) (2) (20) (4) 


= 20,000 Ib. = Si sin a of 


(24) (20) 
Eq. (28). 
Stress in Ce = — (V— 8, sina) = — (60,000 — 20,000) 
= —40,000 lb. compression. 
Maximum Tension in Cce.—Loads at joints 6 and c. V = — 30,000. Vertical 
3 
component stress in BC = oe “BDO @) = 20,000. 
Stress in Ce=—(V — 8, sina;) = — (— 30,000 — 20,000) 


= +50,000 tension. 


Live Load Stress—E-50 Train Loading.—Load positions and shears may be taken 
from p. 273. Maximum compression in Cc; Section 2-2. With wheel 2 at Ohy lie = 
68,100 lb.; panel load at ¢ = 5,000 lb.; shear in panel cd = 63,100 lb. Vertical com- 
ponent of simultaneous chord stress in BC = 

CR)2)20) 5s, — (68,100)(2)(20) (4 
(24) ‘ (24) 20 


) = 22,700 Ib. 


From Eq. (28) { 
Stress in Ce = —(63,100 — 22,700) = — 40,400 compression. 


Maximum Tension in Cc.—Consider member Ee and section 5-5. With wheel 3 at 
e, R: = 43,800 Ib.; panel load at d = 14,400 lb.; and V = 29,400 lb. Vertical com- 
ponent of simultaneous stress in HF = 


[(43,800) (4) — (14,400) (1)] 2984 - 449 = 26,800 
For conditions on section 5-5, Eq. (28) must be written in the form 


S=4+(V +8 sin a) 


Then 
Stress in Cc = (29,400 + 26,800) = 56,200 lb. tension. 


Note that these results check the values given by the method of moments. 
13b. Curved Chord Truss with Counters.—From the tables of maximum 
and minimum stresses on pp. 272 and 274 it will be noted that the diagonal Cd and the 
vertical Cc are subjected to reversals of stress. The presence of counters in panels cd 
and de will prevent a reversal of stress in the diagonal Cd, although the vertical Cc 
will still be subjected to a stress reversal. However, it will generally be found that 
the presence of a counter will reduce the range of stress in the vertical. 
The presence of counters in a curved chord truss affects only the stresses in the web 
members of the panel containing the counter. Stresses in the remaining members are 


calculated by the methods given in Art. 18a. 
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In calculating stresses in members located in panels containing counters, the form 
of truss for any given loading must first be determined. ‘The stresses may then be 
determined by the usual methods. Tt will often be found that the dead load stress in a 
member for the loading causing maximum stress is not the same as that for the loading 
causing minimum stress. This is due to the change in form of truss for the different 
loading conditions. 

It will now be assumed that counters are provided in the center panels of the truss 
considered in Art. 13a. Detail calculations will be given only for those members whose 
stresses are affected by the presence of counters. 

Member Cd.—Maximum stress in Cd, same as for truss without counters. See 
p. 271 for calculations. Minimum stress in Cd is zero; it occurs when the counter De 
is in action. 

Member Dc.—Minimum stress in counter is zero; it occurs when the main member 

_is in action. 
Maximum Tension in De.—Consider member De, section 1-1, Fig. 46c. 


fe 
120! Pee ee ESE 
(a) Deatt lore! 1200 |b, per Ft per truss EN se eS AEs a a 


i 3000 /b,per Ft uniform 
Live lot Crome of Coopers E50 © 


Stresses, Dend Load ani Stresses, Dead Lond ond 
“Uniform Live Load Coopers E-50 Train Lond 


(e) 


oo en wn FEB EVES - == = ---= 


LS soot sero /caa0oNVcoa0oN Meza = ie 
fy 60,000 760.000 < 180,000 gf 180,000 C 760,000 £ 160,000 PF A e 
Maximum and Minimum Maximum and Minimum ____ketopanels_ & 
A 
(a) 


Fia. 46. 


Dead Load Stress.—Use Eqs. (23) and (24). Joint loads of 24,000 at all points 

R, = 60,000 lb. Shear in panel de; V = —12,000. From Eq. (24) Mo. = Vk + 

Ma = (—12,000)(16) + 24,000(1 + 2 + 3) = —48,000 (Ma = moment about a of 
loads between a and section 1-1). From Eq. (23) 

M. ( —48,000) _ 


— 4,000 


Hence 
2.80 


S = Sy sec 6 = (—4,000) e 


= —5,040 lb. compression. 


Live Load Stress—U niform Live Load.—Panel loads of 60,0001b. ateandf. Shear in 
panel de = Ry = eo.0n (1 + 2) = 30,0001b 
1 6 = a0). . From Eq. (24), M. = (30,000)(16) = 
480,000. Note that M. = 0 for this case. Then 


Pas (480,000) / 32.80 
S = aid sec 6 = + (12) ( 26 ) = +50,400 lb. tension. 


: Live Load Stress E-50 Train Loading.—Load position same as formaximum compres- 
sion in Cd (see p. 274). Hence Ri = 36,400 lb.; panel load at d = 5,000 lb.; shear in 
panel de = 31,400 Ib. From Eq. (24), Mo = (31,400)(16) + (5,000)(3) = 518,000. 


oe ele 518,000\ / 32.80 
he Ge Kar pa ia (se) = +54,400 lb. tension. 
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Maximum tension in De for dead load and uniform live load is —5,040 + 50,400 
= 45,360 lb. For dead load and #-50 train loading, maximum tension= — 5,040 
+ 54,400 = 49,360 lb. 

Member Cc.—Maximum compression in Cc same as for truss without counters 
(see p. 269). 

Maximum Tension in Cc.—Consider member Ee, form of truss as shown in Fig. 
46c. Tension in He depends upon top chord stress (conditions shown in Fig. 426). 
It will be maximum when chord stresses are as great as possible for the form of truss 
shown in Fig. 46c. True live load position must be determined by trial (see below). 


Dead Load Stress.—Use Eq. (31) with S: = 81,600 lb. (see p. 269); cos a; = a 
(see Fig. 45a); tana, = $40; tan a, = 249; and Wi = 0 (all dead load on lower chord). 
Then 
: 20 4 2a\e 
Stress in Ce = (81,600)( 504 )( 35 — sa) = 8,000 lb. tension. 


Live Load Stress, Uniform Live Load.—Again consider member Ee, form of truss 
shown in Fig. 46c. For maximum tension in He load as many points with live load as 
is possible without causing compression inmember De. We must first find total stress 
in De for several load positions. Try panel loads of 60,000 lb. at d, e and f. Ri = 
60, é P 

ae (1 + 2-+ 3) = 60,000 lb. Shear in panel de = 60,000 — 60,000 = 0. 
From Eqs. (23) and (24) | 


_ Vk + Mae _ (0)(16) + (60,000)(3) 
q 12 


Sv = 15,000 


and S = so( 35 = 18,800 lb. tension. From p. 276, dead load stress in De = De = 


5,040 lb. compression. Total stress in De = 18,800 — 5,040 = 13,760 tension. 
Hence form of truss still as shown in Fig. 46c. Try loads at joints cto f. Ri = 
100,000; shear in panel de = —20,000. Then 


_ (=20,000)(16) + (60,000)(2 +3) _ _4 679 


Sy 12 


The minus sign indicates that the assumed loading causes compression in De. Hence 
maximum tension in He occurs for joints d, e, and f loaded, for which 


(4) — (60)(1)](20) 


24 X sec a1 = 150,000 sec ay 


Stress in HF = 


From Eq. (31), with S; = stress in HF and W, = 0, 
Stress in He = (150,000 sec a1)(cos a1)(tan a; — tan a) 
= (150,000)(449 — 240) = 15,000 lb. tension. 


Maximum and minimum stresses in Cc for dead load and uniform live load are then as 
follows: Compression, 36,000 lb. (member Cd in action; stress same as for truss without 
counters, see p. 269). Tension: Counter Dc in action, form of truss shown in Fig. 
46c (member Ee replaces Cc). Dead load stress, 8,000 Ib. tension; live load stress 
15,000 Ib. tension; total stress, 23,000 Ib. tension. 
Live Load Stress, E-50 Loading.—The exact position of live load for zero stress in 
De due to dead load and E-50 train loading must be determined by trial. From p. 276, 
dead load stress in De = 5,040 lb. compression. Hence the loads must be placed in 
position for a live load tension of 5,040 Ib. in member De. This stress is given by the 
live load position shown on Fig. 46c. For the conditions shown, Rk, = 74,090 Noss Ws 
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= 75,830 lb.; W2 = 10,830 lb.; and shear in panel de = V = —12,570. (Methods 
for calculating W: are given on p. 141.) Then 
go gp 32:8) — (=12,570)(16) + @)10,880) + OEE 5) 
TAN Ty © 12 26 


= 5,040 lb. tension. 


The simultaneous stress in EF is 
(74,090)(4)(20) — E0875 + (112.5)(8.11)] Renee 2 iGy sco meer 


EF = 


From Eq. (31) 


Stress in He = (165,700 sec a1)(cos a1)(tan a, — tan a) 
= 165,700(449 — 240) = 16,570 lb. tension. 


Maximum and minimum stress in member Cc for dead load and E-50 train load are 
then as follows. Compression: 36,4001b. (Member Cd in action. Stress same as for 
truss without counters, see p. 274.) Tension: Counter Dc in action. Form of truss 
shown in Fig. 46c. (Member Ee replaces Cc.) Dead load stress, 8,000 lb, tension; 
live load stress, 16,570 lb. tension; total tension 24,570 Ib. 

Member Dd.—Maximum tension in Dd is the same as for the truss without counters 
(see p. 269). 

Maximum Compression in Dd.—When counters are provided, Dd becomes a com- 
pression member for certain loading conditions. Form of truss shown in Fig. 46d. 

Dead Load Stress.—Panel loads of 24,000 1b. at each joint. Shear in panel de = 
— 12,000 lb. From Eq. (18) 

io a Via Mae {((—12,000)(10) — (24,000)(1 + 2 + 3)] 

13 


S 


Il 


q 
20,300 lb. tension. 


Live Load Stress,—Uniform Live Load.—Panel loads of 60,000 lb. ateandf. Ri = 


60,000 ; 
6a (1 + 2) = 30,000 lb. = shear in panel de. From Eq. (18)—(Note that Ma = 
0) 


(30,000)(10) 
heme 13 


= 23,100 lb. compression. 


Hence, total stress, dead load and uniform live load = +20,3800 — 23,100 = 
—2,800 lb. compression. 

Live Load Stress, E-50 ae Load.—Load position determined by Eq. (22) with 
n = 6, m = 4, andk = 10. 7S a G,; = 0. ‘Try wheel 2 ate, Fig. 46d. Wheel 9 


at right end of span. G = 161.25 to 177.5; as = HD vo) SPSS Eo = WED vO SYA. 


Wheel 2 satisfies criterion. Wheels 1 and 3 were tried but did not answer. R, = 


4,370,000 100,000 
Sapir os 36,400 lb. Panel load at d = Sa 5,000 Ib. Shear in panel de 
= 31,400 lb. From Eq. (18) 

Stress in Dd = — (Vk — Ma) _ _ (81,400)(10) — (5,000)(3) 


q 13 
= —23,000 lb. compression. 


Hence, total stress, dead load and E-50 train load = +20,300 — 23,000 = 2,700 lb 
compression. 
Maximum and minimum stresses, as calculated above, are shown on Fig. 46b. 
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TRUSSES WITH MULTIPLE WEB SYSTEMS 


Typical examples of trusses with multiple web systems are the 
Whipple, Fig. 47a and the Double Intersection Warren, Fig. 476. The 
Whipple truss can be seen to be a combination of Pratt trusses. It is 
therefore sometimes known as a Double Intersection Pratt. Figure 47c 
is composed of three Warren trusses and Fig. 47d is composed of four 
Warren trusses. 

Trusses of the type shown in Fig. 47 are seldom constructed at 
present. They were very popular from 1870 to 1880 but in later years 
have been replaced by trusses of the type shown in Fig. 55, p. 286. 
The type of truss shown in Fig. 47 
was devised to secure in long span ANSSSS SBEUIN 
bridges a short panel length com- INVA 
bined with an economical ratio of 
height to span length (about 1 in 6) 
and an economical slope for diagonal 
members (about 45 deg.). From Fig. 
47 it can be seen that this has been dil 2 aaa kod 
accomplished, except in the case of 
the slope of a few of the diagonals 
near the end of the truss. 

Although multiple intersection 
trusses are not in general use at 
present, the engineer in his practice 
may find occasion to check the stresses 
in an existing structure in regard to 
its safety under present day loads. 
For this reason a brief discussion 
on methods of stress determination will be given in the articles which 
follow. 

14. General Methods of Stress Analysis—On cutting a section 
through any one of the trusses of Fig. 47, it will be noted at once that in 
general it is impossible to find any section which will not intersect more 
than three members. Hence the stresses on any section cannot be deter- 
mined by the methods of statics and the structure is statically indeter- 
minate. Two general methods of analysis may be used for the 
determination of stresses in the structure under consideration. ‘These 
are the Exact Method, and the Approximate Method. 

The exact method of analysis is based on the theory of redundant 
members as given in Sec. 5. A solution by the exact method for 
stresses in a truss of the type shown in Fig. 47a is given on p. 390. The 
exact method of solution is long and tedious, and, as shown on p. 393, 
the difference in stresses determined by the exact method and the 
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approximate method is so small that the increased labor of an exact 
solution is hardly warranted in the cases usually encountered in practice. 

The approximate method of solution is based on the assumption that 
the trusses shown in Fig. 47 may be separated into two or more indepen- 
dent stable simple trusses. Thus the double intersection trusses may be 
decomposed into two trusses; the triple intersection into three trusses, 
ete. Each simple truss thus formed is then analyzed for the portion of 
the applied loads tributary to its joints. After the stresses In each com- 
ponent truss have been determined, the several trusses are again joined 
to form the original composite truss. Where a member of the composite 
truss is common to more than one of the independent truss systems, it is 
assumed that the total stress in that member is the swm of the stresses in 
the members of the independent trusses which 
coincide to form the member of the complete 
truss. 

To illustrate: Let Fig. 48a show a 


i) 
1 
WWwww ww win Ww 


Complete Truss “panel length ; - - 

: ae double intersection Warren truss carrying 
panel loads W at the lower chord joints. 

2 It can readily be seen that this truss may 


See ee be divided into the two independent stable 
(b) structures shown in Figs. 48b and c. In 
MGS forming these independent trusses, it is 
. * : assumed that the chord and end post mem- 
@l ow Reyne ae W bers of the complete truss are divided into 
eye two parts. These parts are assumed to 
ape form the chords and end posts of the two 
independent trusses. For the truss under consideration it was not nec- 
essary in forming the independent trusses to divide any of the web mem- 
bers of the complete truss. In any case care must be taken when dividing 
any structure into independent trusses to make certain that the result- 
ing trusses are stable and statically determinate. For convenience in 
distinguishing the two systems which form the truss of Fig. 48a, the web 
members of one truss are shown in full lines and those of the other are 
shown in dotted lines. These systems are referred to as the full line and 
dotted line systems. 

In Fig. 48a, panel loads are shown at each lower chord joint. When 
the truss is separated into independent systems, it is assumed that any 
panel load is carried by the system which contains its point of applica- 
tion. Thus the load at joint b Fig. 48a is carried by the dotted line 
system Fig. 48c, and the load at joint ¢ is carried by the full line 
system Fig. 480. 

After the truss of Fig. 48a has been divided into two independent 
truss systems, the stresses in these systems for fixed and moving loads 
are determined by the methods given in the preceding pages. When all 
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stresses have been computed the two independent trusses are again joined 
to form the original truss. The stress in any chord member, as CD, 
Fig. 48a is the sum of the stresses found for member BD of the full line 
system and member CE of the dotted line system, since these members of 
the independent trusses are joined to form a member of the complete 
truss. or web member De of Fig. 48a, the stress is as computed for mem- 
ber De of the full line system. Also, for Cd of Fig. 48a the stress is the 
same as for Cd of the dotted line system. 

Stresses in the lattice, or quadruple intersection truss of Fig. 47d 
may be determined by the method outlined above. A somewhat shorter 
solution may be made by cutting any section, as 1-1, Fig. 47d, through 
the intersection of the diagonal web members. In calculating web 
stresses it is assumed that the shear on this section is equally divided 
between the members cut by the section. To determine the stresses in 


E Y, 
Full Line System 
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moe et ee EET a = 
Dead load G00 lb.per ft per truss Rp" Dotted Line System Rt 
Live load 1500 /b.per Pr per truss fi (b) ? 

Fig. 49. Fie. 50. 


chord member AB, take moments about the point where section 1-1 cuts 
the bottom chord. It can readily be seen that the moment of web 
stresses about this point will be zero and that the stress in AB is the 
moment about the given center divided by the height of truss. While — 
this method is somewhat more approximate than the one outlined above, 
the results obtained are accurate enough for all practical cases. 

When the trusses under consideration are subjected to uniform load- 
ing, the panel loads are each equal to the load per foot times a panel 
length, which is to be taken as the distance between successive panel 
points, as shown on Fig. 48a. Load positions for maximum stress are 
determined by the same methods as used for Warren or Pratt trusses. 

When a concentrated load system such as E-50 train loading is used, the 
panel concentrations are determined by the method given in Art. 71, p. 138. 
Load positions for maximum stress must in general be determined by cut 
and try methods. It is possible to derive criteria for load positions, but the 
resulting expressions are so cumbersome and difficult of application that it 
will usually be found best to resort to a direct comparison method. 

In the problems which follow, the general methods explained above 
will be applied to the determination of stresses in certain members of 2 


double intersection truss. 
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Illustrative Problem.—Required the maximum and minimum stress in all members 
of the through truss shown in Fig. 49 due to a dead load of 600 lb. per ft. per truss and a 
uniform live load of 1,500 lb. per ft. per truss. 

Figure 50 shows the given truss divided into two independent truss systems. Mem- 
ber Bb, and the corresponding member on the right side of the truss, has been divided 
into two parts, one part going to each system. It will be assumed here that any load 
at joint b is divided equally between the two systems. The exact division of load at 
this point is indeterminate, but the above assumption is probably reasonably correct. 

Since the general methods of stress analysis for the independent trusses shown in 
Fig. 50 differ only in minor details from those given in Art. 4, the complete calculations 
will be given here only for chord member ef and for web member Eg. Maximum and 
minimum stresses for all members are shown on Fig. 51. 


tH5, 500 tH§, 500 
@ +33000 £ +79,000 Cc +46,000 of 772900 e +90,000 fF +/0Z000 F 


Fia. 51.—Maximum and minimum stresses, dead load and uniform live load. 


Panel loads are to be determined for the complete truss of Fig. 49. Dead panel 
load = (600)(20) = 12,000 lb.; live panel load = (1,500)(20) = 30,000 lb. 

Member ef—Member df of the dotted line system and member eg of the full line 
system form member ef. 

Dead Load Stress—Panel loads of 12,000 lb. at all lower chord joints of Fig. 50a 
and b except b and J, where 6,000 lb. loads are placed. 

Member eg, full line system. Moment center at H. 


Ry’ = (%)(12,000) = 36,000 lb, 


Stet pi ae as [ «sonca) ~ (12) (2 +5) |«a,0000( 75 EL OOOO tenner 


' Member df, dotted line system, moment center at D. 
Ry’ = (32)(12,000) = 30,000 lb. 
Mp 


Stress in df = 4? = [(80)(3) — (6)(2)](1,000) 7 aoa 000 betension 
Total dead load stress in ef = 51,000 + 39,000 = 90,000 lb. tension. 

Live Load Stress —Load position for maximum stresssameasfordeadload. Hence 
live load stress may be determined by ratio from dead load. Live load stress = Dead 
load stress (3% 2) = (90,000)(3%2) = 225,000 Ib. tension. 

Maximum and Minimum Stress in ef —Maximum stress = dead plus live load 
stresses = 315,000 lb. tension; Minimum stress = dead load stress = 90,000 Ib. 
tension. 

Member Eg.—This member forms a part of the full line system. Loads on the 
dotted line system are assumed to have no effect on stress in Hg. It will be assumed 
that Eg is capable of taking tension only; a counter must be provided in case of a 
possible reversal of stress. 

Dead Load Stress.—Panel loads of 6,000 at b and 1, Fig. 50a; loads of 12,000 at ¢ 
tok inclusive. R,’ = 36,000 lb. Shear in panel eg = +6,000 Ib. 


Stress in Hg = V sec 6 = (6,000)(1.414) = 8,480 lb. tension. 
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Live Load Stress.—Positive shear in panel eg; loads of 30,000 lb. at g, i, and k 
load of 15,000 lb. at 1. 


oY ret ae a > 


(4 +2+4+46) - +31,250 


Negative shear in panel eg; loads of 30,000 Ib. at cand e; load of 15,000 lb. at b 


30,000 
12 


ie, Se (G+2+4)- — 16,250 
Stress due to positive shear = V sec 0 = (81,250)(1.414) = 44,200 Ib. tension. 
Stress due to negative shear = (16,250)(1.414) = 23,000 lb. compression. 
Maximum and Minimum Stress in Eg —Maximum stress = dead load and positive 
live load = 8,480 + 44,200 = 52,680 tension. Minimum stress: Compression due to 
negative live load shear is greater than dead load stress. Hence counter acts, and 
minimum stress in Eg = 0. 


Illustrative Problem.—Required the live load stresses in members ef and Kg of 
the truss shown in Fig. 49 for E-50 train loading. 

Two solutions will be given for this problem. 

First Solution. Panel Concentration Method.—The general method of solution 
is exactly the same as given in the preceding problem. However, the panel loads 
must be determined by the method given in Art. 71, p. 138. To determine the 
maximum stress in a given member, several positions of the train load must be assumed. 
Panel concentrations must be determined for each load position; the truss must be 
divided, as shown in Fig. 50, and the resulting stress calculated as in the preceding 
problem. This process must be repeated until some load position is found which gives 
a greater stress than any other possible load position. The greatest obtainable value 
is the desired maximum stress. In the work which follows, the calculations are given 
in condensed form for the load position found to yield a maximum result. 

Member ef.—Wheel 12 at joint e was found to give maximum stress in ef. Load 
position and resulting panel concentrations are shown on Fig. 52a. These concen- 
trations were calculated by the method used in the problem given on p. 139. 

Divide the truss into two systems as shown in Fig. 50, assuming that half the loads 
at joints b and 1 go to each system. For the full line system, R, = 190,500 lb.; and 
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stress in eg = =o = 263,800 lb., tension. For the dotted line system, R, = 140,500 


Ib. and 
Stress in df = a = 174,800 lb. tension 
Total stress in ef = 438,600 tension. 

Member Eg.—Load position yielding maximum stress and panel concentrations 
due to that loading are shown on Fig. 52b. The stress in Eg is determined by consider- 
ing the full line system (Fig. 50a) and only those panel concentrations which are 
applied at the panel points of this system. 

For the assumed conditions 

, = 73,480 lb.; shear in panel eg = 73,480 — 1,880 = 71,600 lb. 

Stress in Eg = (71,600) (1.414) = 101,200 lb. tension. 


fh 


Strip of paperon which loads are plotted-— 
Influence Line for Stress in ef 


Influence Line for Stress in Eq 


(co) 


Fie. 53. 


Second Solution. Influence Line Method.—This method of stress determination 
will be found very useful when the determination of load position by means of a 
criterion is impossible or inadvisable because of the amount of detail work required 

To apply the influence line method to the determination of stress in any Me. of 
a structure, the truss is first laid out to scale. The influence line for stress in the given 
member is then calculated and constructed to the same distance scale as used oe the 
truss. Methods for calculating influence lines are given in Sec. 1. After the influence 
line is drawn, a load position is assumed and the loads are located on the truss 
drawing. The influence line ordinate for each load is scaled and the product of 
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load and ordinate obtained for each load. The sum of all such products is the 
required stress. On repeating this process for several load positions, the maximum 
stress may readily be determined. This process will be carried out for the assigned 
members. 

Member ef.—The influence line for member ef is a combination of the influence 
lines for stress in member eg of the full line system and member df of the dotted line 
system. Figure 53a shows the trussdiagram. By methods given in Art. 78, p. 144, the 
influence line for stress in eg of the full line system is represented by the triangle 
a’e’m'. It is assumed that a full load is used at joints 6 and 1. The influence line 
for stress in df of the dotted line system is given by the triangle a’d’m’. In plotting 
these diagrams, the horizontal scale is the same as the distance scale for the truss and 
the vertical, or ordinate scale, was taken as 1 in. = 0.51b. Noting that a unit load 
moving across the structure is applied alternately at the panel points of the two 
systems, it is evident that the influence line for the combined structure may be obtained 
by connecting alternate points on the two influence lines. At joints b and J, where the 
load is assumed as equally divided between the two systems, an average of the two 
ordinates must be taken. ‘The final influence line is a’b'c'd'e’f’g'h’i'j’k'l/m’ of Fig. 53b. 

The influence line of Fig. 53) shows that loads in the vicinity of joint e have maxi- 
mum effect on the stress in ef. Hence the train load should be placed with a group of 
heavy loads near this point. Try wheel 12ate. Since several positions must be tried 
it will be best to plot the wheel load on a strip of paper which may be moved at will. 
This is shown in Fig. 530 by the narrow rectangular strip on which the loads are plotted. 
A convenient form for tabulating loads and influence ordinates is given below. As 
stated on p. 151, the stress due to uniform load is equal to the product of the area of 
the influence line covered by uniform load and the load per foot. 


STRESS IN ef 
INFLUENCE Lins Mrtuop 
Concentrated Loads 


Wheel loads 


Wheel! load | Wheel} load | Wheel! load 

No. 1D | INO@, |) 5.0 | IN@- 16.25 

Wheel loads and ordinates............. 1 0.198 2 0.335 6 0.737 

10 1.200 33 0.423 7 0.853 

4 0.497 8 0.987 

5s 0.578 9 ellos 

ileal 1.288) 15 0.903 

Ue 1335) elo 0.903 

13 iL PAO lle 0.937 

14 iss) 1 0.965 

Sheva, OP OIGIMOAWER: 3n ooo co nab eo uae One 1.398 6.779 7.388 
Product ordinate and load............. 17,475 169 , 450 120 ,055 

306 , 980 


Stress trom wheel loads. ..:54..25-.--: 
ee 
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Uniform Load 
Area influence line under uniform load = 


20[(24)(1,000) + 0.625 + 0.667 + 0.375 + 0.333 + 0.146 + 0] = 52.92 


Stress from uniform load = (2,500)(52.92) = 132,300. Total stress in ef = 439,280 
lb. tension. This stress was found to be the maximum value. 

Member Eg.—The influence line for stress in this member is shown in Fig. 53c. 
To construct this influence line, draw the influence line for stress in member Eg of the 
full line system, which is shown by the line a’’e’’g’’m’’. Since loads at the panel 
points of the dotted line system are assumed to have no effect on the stress in Eg, 
the influence line ordinates at panel points of the dotted line system must be zero, 
This may be represented by the construction shown in Fig. 52c. At points 6 and J. 
the load is assumed as equally divided between the two systems. Hence the influence 
line ordinate at this point is taken as one-half the value given by the line a’/’g’e’"m’". 
It was found by trial that wheel 5 at g gave the maximum stress. The maximum 
stress was found to be 101,240 lb. tension. Note that the results obtained by the 
two methods of calculation are in close agreement. 


TRUSSES WITH SUBDIVIDED PANELS 


In modern types of long-span simple trusses, the proper relation 
between slope of diagonal web members and panel length for maximum 
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economy in material is secured by means of subdivided panels. Figures 
54a and b show a six panel Pratt truss with subdivided panels. In this 
form, the truss is known as a Baltimore truss. 

Two methods of subdividing a panel of a truss are shown in Figs. 
54c and d. In each figure a small auxiliary truss abc, shown by dotted 
lines, divides the main panel ac into two equal shorter panels. The 
truss of Fig. 54a is formed by placing auxiliary trusses of the form shown 
in Fig. 54¢ in each panel. Since ab and be of Fig. 54c are in compression, 
the resulting truss arrangement shown in Fig. 54a is known as a Baltimore 
truss with sub-struts. In Fig. 54d, members ab and bc are in tension, and 
the resulting truss of Fig. 546 is known as a Baltimore truss with sub-ties. 
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Where members of the auxiliary and main trusses coincide, a single 
structural unit forms the combined member. 

The arrangement shown in Fig. 54 permits the use of comparatively 
short panels and at the same time, favorable inclinations for the diagonals 
are secured. In most cases, eyebars and pin connections are used 
extensively in these trusses. The truss of Fig. 54a is somewhat more 
rigid than the one-shown in Fig. 54b, while the latter is probably some- 
what less costly because of the greater use of eyebar tension members: 

Figures 55a and b show a curved chord truss with subdivided panels, 
known as a Pennsylvania truss. It is also called a Pettit truss. In 
Fig. 55a sub-struts are used and the end post extends over two panels. 
In Fig. 55) sub-ties are used and the framing in the first two panels is the 
same as for an ordinary curved chord Pratt truss. Figure 55c¢ shows a 
double intersection Warren truss with subdivided top chord panels. 
This truss is statically indeterminate and is not well adapted for use 
with pin connections. It is seldom used at present. 

15. General Methods of Stress Analysis. 

15a. The Baltimore Truss with Sub-struts.—General 
methods of stress calculation will now be developed for chord and web 
members in trusses of the form shown in Fig. 54a. Max mum and mini- 
mum stresses may be determined by combining dead and live load stresses 
by the methods explained for Warren and Pratt trusses in the preceding 


articles. 
STRESSES IN CHORD MEMBERS 


Stresses in top chord members of Fig. 56a are determined from 
moments about opposite lower chord points. For example: Stress in 
EG = moment at g divided by height of truss. General methods of 
calculation and position of loads for maximum stress are therefore the 
same as for a Pratt truss. 

Stress in any lower chord member, as fg, Fig. 56a, may be determined 
by cutting section 1-1. The moment center is located at E, the inter- 
section of EG and f’g. Assuming that all joints are loaded with panel 
loads W, and noting that the load at f is to the left of section 1-1 and to 
the right of the moment center /, we have 


; Rimd —- Wii +2+...(m—1)|d+ Wid 
Stress in fg = h 


In this expression Rimd —W,1+2+.. . (m — 1)|d = moment at FE 
due to applied loads = Mz, and W; = floorbeam reaction at f due to loads 


2M 
in panels ef and fg. For panels of equal length, Wy; = a (see Eq. (4) 


p. 141) where M, = moment at f in a beam of length eg due to loads on 
that beam. Hence, in general 


2M 
Stress in fg = Mere (1) 
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in which M, and M, have the values defined above. Thus for a truss 
with equal panels, the moment at any top chord center is equal to the bending 
moment at that center plus twice the center moment in the beam formed by 
the two panels to the right of the given center. 

When the panels are of unequal length, the floorbeam reaction is 
given by Eq. (3), p. 141. If di and dz = lengths of successive panels 
to right of the moment center, 


Cina OD 
| Miata cree ) 
Stress in fg = h (2) 
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Load positions for maximum live load moment are determined by the 
methods used in the preceding articles. For uniform load, all points 
are to be fully loaded. 

Figure 56b shows the loading conditions for a concentrated load 
system. Assume the loads to be divided into groups as shown, and let 
W, = floorbeam reaction at f due to loads in panels ef and fg. For the 
conditions shown 


Mz = Bia — Gye + Wid = Fa — Gye + PEE g 


Assume that the load groups are all moved a short distance A to the 


left. On placing equal to zero the change in M, due to the assumed 
movement, we have 


Ga 
7 — Git G:— Gs) =0 (3) 
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Equation (8) is the criterion for position of loads for maximum stress in 
any lower chord member of the truss of Fig. 56. To satisfy this criterion, 
a load must pass point f (or corresponding points in other panels). 

Having determined the proper load position from Eq. (8), the stress 
in the chord member may be calculated from Eqs. (1) or (2). 


Illustrative Problem.—Calculate the stresses in member fg of the truss shown in 
Fig. 57 due to a dead load of 1,200 lb. per ft. per truss; a uniform live load of 3,000 lb. 
per ft. per truss; and for E-50 train loading. 


c 1B G Ip K 
= ny 
Lead load 1200 lb per lars 
3000 /b, per Fi or 
Live load Ce 50 trnin load 
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Dead Load Stress.—Panel load = (1,200)(20) = 24,000 Ib. Use Eq. (1), p. 287. 
Me + 2M, 
h 
Ri, = @'4)(24,000) = 132,000 lb. Moment center at Z. 
Mz = (1,000)[(132)(4) — 24(1. + 2 + 3)](20) = 7,680,000 ft.-Ib. 
M;, =moment at center of 40 ft. span under a center load of 24,000 lb. = 
(4) (24,000)(20) = 240,000 ft.-lb. 
7,680,000 + 480,000 
40 

Live Load Stress, Uniform Loading.—Live load stress due to uniform loading may 

be determined by ratio from dead load. Live panel load = (3,000)(20) = 60,000 lb. 


Stress in fg = (6% 4)(204,000) = 510,000 Ib., tension. 


Stress in fg = 


Stress in fg = = 204,000 lb., tension. 


Live Load Stress, E-50 Train Load.—Criterion : — G, + G, — Gs) = 0 (Ea. (8) 
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with a = 4panels = 8O0ft.). Try wheel 14 at/f, Fig. 57. Load position shown in Fig. 
58. G = 630;G, + Ge = loads 1 to 13 0r 1 to 14 = 265 to 290; Gs = loads 14 to 16 or 
15 to 17 = 57.5 to 48.75. From Eq. (3) 
Load 14 to right of f 
6302 — (265 — 57.5) = 


Load 14 to left of f 
6304 — (290 — 48.75) = — 


Wheel 14 satisfies the criterion. Wheel 13 also satisfies the criterion, but wheels 12 
and 15 do not. 
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Stress in fg is given by Eq. (1). For the load position shown in Fig, 58 


My = [20,455 + (355)(110) + (34)(2.5)(110)?] — 5,790 + (190)@) 
= 18,516.7 thousand ft.-lb. 


and M, = moment at f in beam of span, eg = 14(3,026.25) — 750 = 763.125 thousand 


ft.-lb. 


Stress in fg = 1,000 ze Let petite *) = 517,070 lb. tension. 


When wheel 13 is placed at f the stress in fg is 501,020 lb. tension. Hence, wheel 
14 at f gives the maximum stress. 

STRESSES IN WEB MEMBERS, TRUSS WITHOUT COUNTERS 

It will be assumed first that all members are designed for both 
tension and compression. On ov. 295 the effect of counters will be 
considered. 

Stresses in diagonal web members ab’, d’e, f’g, and h’t of Fig. 56a are 
determined by the same methods as used for the Pratt truss. Thus for 
member f’g, cut section 1-1 and determine the 
combined shears in panel fg. 

Members 0b’, dd’, etc. are hangers which 
support the joint loads at the lower chord 
joints. For concentrated live load systems, 


ce d : . 
ene pa @ ole Sel the stress in these hangers is equal to the 


“ec F g floorbeam reaction as calculated from Kas. (3) 
G i C, | Wy or (4), p. 141, or as given directly by the table 
on p. 142. 
Fig. 59. 


Stresses in Sub-struts.—The stress in a sub- 
strut, as for example f’e, may be determined by considering the forces 
acting on joint f’. Figure 59 shows joint f’ and the system of concurrent 
forces which acts at f’. Let W = joint load at f, and C = stress in sub- 
strut, assumed as compression. Divide C into its vertical and horizontal 
components and assume these component forces applied at joint e. On 
taking moments about g, we find that 


Cy = 16W (4) 


That is: Stress in a sub-strut is a compression whose vertical component 
is one-half the joint load at the lower end of the adjacent hanger. The 
stress in the sub-strut is Cy sec 6, where @ = angle between sub-strut and 
the vertical. Hence the stress in the sub-strut depends on the stress in 
the adjacent hanger. Stresses in members b/c, cd’, and ef’ are all equal. 


Illustrative Problem.—Determine the maximum and minimum stresses in sub- 
strut ef’ of Fig. 57, Loading conditions as given on Fig. 57. 

Dead joint load = (1,200)(20) = 24,000 lb. 

Stress in ef’ = (14)(24,000) sec 45° = 16,970 lb. compression. The uniform live 
load stress in ef’ may be determined by ratio of dead to live load. Thus 


: 3,000 
Stress in ef’ = ocd (16,970) = 42,430 1b, compression, 
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For E-50 train loading, the joint load at f, as given by the table on p. 142, is 81,900 
lb. Hence 

Stress in ef’ = (24)(81,900)(1.414) = 57,900 lb. compression. 

For dead load and uniform live load, maximum stress = 16,970 + 42,430 = 
59,400 lb. compression; minimum stress = 16,970 lb. compression. 

For dead load and E-50 train load, maximum stress = 16,970 + 57,900 = 74,870 
Ib. compression; minimum stress = 16,970 lb. compression. 


Stress in Upper Portion of Diagonal Web Members.—To determine the 
stress in member Ef’, Fig. 60a, cut a section 1-1. Remove the portion 
of the structure to the left of this section as shown in Fig. 60b. Let V = 
R: — =W = shear on section 1-1; T = stress in Hf’; C = stress in sub- 


Fie. 60. 


strut ef’; and 7, and Cy = vertical components of these stresses. From 
Fig. 606 
Ty =V—C, (5) 


That is: Vertical component of stress in Hf’ = shear on section 1-1 minus 
vertical component of stress in the sub-strut cut by section 1-1. In Eq. 
(5) V and C, must be determined subject to the given loading conditions. 

Maximum tension in Ef’ under uniform live load occurs when joint f, 
Fig. 60a, and all joints to the right are fully loaded (conventional method 
of loading, see p. 91). It is quite evident that joints g to J should be 
loaded. To show that joint f should also be loaded, consider the effect 
of a single joint load W at f. For the 12-panel truss of Fig. 60a, V = 
R, = WoW. From Eq. (4), Cy = lew. Hence 

Ty = +2W — 4W = +h2W 


A joint load at f increases the tension in Ef’. In the same manner, it 
can be shown that for minimum stress in Ef’, joints b to e should be 


loaded. 
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Illustrative Problem.—Determine the maximum and minimum stress in Ef’ of 
Fig. 57 (no counters) due to a dead load of 1,200 lb. per ft. and a uniform live load of 


3,000 Ib. per ft. 

Dead panel load = (1,200)(20) = 24,000 lb. 

Live panel load = (3,000)(20) = 60,000 Ib. 

Dead load shear, panel ef = R, — (4)(24,000) = (114)(24,000) — (4)(24,000) = 
36,000 lb. For dead load Cy = (34)(24,000) = 12,000 Ib. From Eq. (5) 


Ty = 36,000 — 12,000 = 24,000 lb. 


Dead load stress = Ty sec 45° = (24,000)(1.414) = 33,940 lb. tension. 
For maximum live load tension in Ef’, load joints f to 1, Fig. 57. 


Von sue (4243-2455 164.7) = 140,000 
Cy = (%)(60,000) = 30,000; Ty = 140,000 — 30,000 = 110,000. Then T = 
(110,000) (1.414) = 155,500 Ib. tension. 
For maximum live load compression in Ef’ (minimum stress condition) load joints 


6 
b to. ¢. VY = —R, = I Ry = —50,000 lb. Cy =0 (mo load 


at f); T = (—50,000)(1.414) = 70,700 lb. compression. 

Maximum stress in Ef’ = 33,940 + 155,500 = 189,440 Ib. tension. 

Minimum stress in Ef’ = 33,940 — 70,700 = 36,760 lb. compression. For mini- 
mum stress in Hf’ when counter f’G is in action, see problem on p. 296. 


To determine the position of a concentrated load system for maxi- 
mum stress in Hf’, divide the load into groups as shown in Fig. 60a. 
Let W; and W: = panel concentrations at e and f. For the conditions 
shown 


T,=V-C,=Rhi- Wi — Ww, (6) 
In terms of the several load groups, 


x 
~~ nd 


= 
~ 6259 1 @a + @8) 


Ty 
On equating to zero the change in this expression due to a small forward 
movement A of the loads, we derive 


=~ G@+@) =0 (7) 


n 


which is the criterion for position of loads for maximum stress in hie 
To satisfy this criterion, a load must pass point g. Note that this 
is similar to the criterion for shear in panel eg of a 6-panel Pratt truss 
without the subdivided panels. 

A simplified expression for T', may be derived by letting M;and M, = 
the moments respectively about f and g of the loads in front of these 
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: M 
points. Then W,; = “7 and irom, qe @))ps 139, We— : (—2M;+ 
M,). On substituting these values in Eq. (6) we derive 
M, 
Ty = Ry — Od (8) 


It can be shown that the criterion of Eq. (7) and Eq. (8) apply also 
to minimum live load stress in Hf’. 


Illustrative Problem.—Calculate the maximum live load tension in Ef’ of Fig. 57 
due to E-50 train loading. 


; The criterion of Eq. (7) may be written ‘ — Gi+G,) = Owhere G; + G. = load 
in panel eg. 
Try wheel 4 at g. The uniform load covers 29 ft. of the right end of the truss and 


G = 355 + (2.5)(29) = 427.5. A = 71.25. Gi + G2 = 62.5 to 87.5. 


On substituting in Eq. (7), we have 
For 4 to right of g 


4 71.25 — 62.5 = + 
For 4 to left of g 
(125 — 31.0 = — 


Wheel 4 satisfies the criterion. Wheels 3 and 5 were tried but did not answer. 
For wheel 4 at g, Ri = 


44 40120,455 + (355)(29) + (34)(2.5)(29)?] = 132.5, 


and M, = 600. From Eq. (8) 
600 


= 117.5 = 117,500]b. 


Hence 
T = Ty sec 45 deg. = 166,200 lb. tension. 


Stress in Interior Verticals——The stress in a vertical, such as Le, 
depends upon the stress in the diagonal Ef’ entering at joint H. Stress 
in He = vertical component of stress in Ef’ plus joint load at £L. 

Stress in Upper End of End Post.—To determine the stress in b/C of 
Fig. 60a cut a section 2-2. Remove the portion of the structure to the 
left of this section as shown in Fig. 60c. Let S = stress in Cb’. The 
value of S may be determined either by summation of vertical forces on 
section 2-2, or by moments about ¢, the intersection of 6’c and bc. Since 
the latter method is the simpler, it will be followed. 

From moments about c 


where M, = moment at c and r = distance from c to line of action of S. 
Since the stress in Cb’ depends upon moment at c, load positions are 
determined as for moment at point c in a span of length J. 
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Illustrative Problem.—Calculate the stress in member Cb’ of Fig. 57 due to dead 


and live load. 
Dead Load Stress.—Panel load = 24,000 lb. Ri = 182,000 lb. M. = (1,000) 


[(182)(2) — (24)(1)]20 = 4,800,000 ft.-lb. Lever arm of Cb’ = (20)(sec 45 deg.) = 


28.28’. Stress in Cb’ = oe = 169,600 lb. compression. 


Live Load Stress Uniform Live Load,—Live panel load = 60,0001b. By ratio from 
panel load 
Stress in Cb’ = (169,600)(§%4) = 424,000 lb. 


Live Load Stress, E-50 Train Load.—From Fig. 140, p. 111, wheel 5 at ¢ gives 
maximum moment, which is found to be 11,824,200 ft.-lb. Then 
_ 11,824,200 


Ss = 50S 418,500 lb. compression. 


Maximum and minimum stresses may be found in the usual manner. 


Stress in Vertical Cc.—The stress in vertical Cc of Fig. 6la may be 
determined by a consideration of the system of concurrent forces acting 


So 


ARLE Ab ae A 


W,.We Wy 
(a 
= <— 
ag > 
My (6) 
Iaucel, (0G, 


at joint c. Let Wi, We, and W3 = joint loads respectively at b, c and d. 
Figure 616 shows joint ¢ removed with all forces acting. The stresses 
in b’c and d’c have been resolved into their vertical and horizontal com- 
ponents. As shown on p. 290, the vertical components of these stresses 
are equal to one-half the joint loads at 6 and d, as indicated in Fig. 610. 

Let T = stress in vertical Cc. For the conditions shown in Fig. 616 


T=16W,+ Weot+ Low; (9) 


It can readily be seen that loads on other parts of the truss have no effect 
on the value of T. 


When the applied load is uniform and the panels are of equal length 
W1 = We = Ws; = W, and 


ToD VW, (10) 


For a concentrated load system, the several loads are in general not equal. 
Let M,, Mz, Ms; and M, represent respectively the moments at b, c, ae 
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and e, Fig. 61a, due to the loads to the left of these points, and let d = 


the common panellength. Thenfrom Eq. (2), p.139:Wi= Sey 
M,— 2M M ~ 
W, = al aes Leelee aoe ee 
On substituting these values in Eq. (9) and reducing, we derive 
16M,— M, 
poe” (11) 


But from Fig. 61a it can readily be seen that (14M, — M.) is the center 

moment for a beam four panelsin length. Let M. represent this moment. 

Then 

M, 
d 


La (12) 
where 7 = stress in vertical Cc; M, = center moment for a beam four 
panels in length; and d = common panel length. 

The stress in Cc will be a maximum when M, has its maximum value. 
The proper load position may be determined as for a simple beam of the 
same dimensions. 

Illustrative Problem.—Determine the stress in member Cc of Fig. 57 for the given 
loading conditions. ; 

Dead Load Stress.—Panel load = 24,000 1b. From Eq. (10) 

T = 2W = 48,000 lb. tension. 

Live Load Stress Uniform Load—Panel load = 60,000 lb. 

T =2W = 120,000 lb. tension. | 


Live Load Stress, E-50 Train Loading.—Use Eq. (12). M. = center moment in a 
beam four panels in length = (4)(20) = 80ft. From Fig. 142, p. 113, wheel 13 at 
the center of an 80-ft. beam gives maximum moment, which is found to be 2,699, 
375 ft.-lb. From Eq. (12), with d = 20 


28087 = 132,968.75 lb. tension. 


STRESSES IN WEB MEMBERS. TRUSS WITH COUNTERS 


T= 


To prevent reversal of stress in a main member, as f’g of Fig. 57, 
a counter, shown by the dotted line f’G, is placed in the panel. Assum- 
ing that members f’g and f’G carry tension only, f’g is in action when the 
combined shear in panel fg is positive, and f’G is in action when the com- 
bined shear is negative. These combined shears and the resulting stresses 
in f’g and f’G are determined by the methods used for the Pratt truss. 

The presence of counter f’G effects only the minimum stresses in the 
web members in panels ef and fg. Maximum stresses in these members 
are the same as for the truss without counters. The determination of 
these minimum stresses for the several members will now be considered 
in detail. 
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Member Ef’.— Figure 62 shows the form of the truss for panels ef 
and fg when the shear in panel fg is negative and counter f’G is in action. 
By an analysis similar to that used for stress in the sub-struts (p. 290), 
it can be shown that the stress in Ef’ is a tension 
whose vertical component is equal to one-half the 
joint load at f. 

The minimum stress in Hf’ is 144 W sec 86, tension, 

Va where W is a dead joint load. This stress occurs 
when the live load is so placed as to cause negative 
f NH \7 shear in panel fg, dead joint load only at joint f. The 
eee EHV. maximum stress in Hf’ is also tension; it occurs for 
the loading conditions causing maximum positive 

shear in panel ef, as discussed on p. 291. 
Fie. 62. Member ef’.—Let Ty and Cy respectively denote 
the vertical components of stress in ef’ and Ef’, assumed to be tension, 
and let V = shear on section 1-1 Fig. 62, assumed as a positive shear. 

From summation of vertical forces on section 1-1, we have 


Ty =-—-V+ Cy (13) 


A plus sign in Eq. (13) indicates tension in ef’. 

Under uniform loading, member ef’ has maximum tension when live 
panel loads are placed at joints from the left end of the truss up to panel 
e. Ifa joint load be placed at f, shear in panel ef (12 panel truss Fig. 57) 
= +2W and Cy (for member Ef’) = +14W. From Kg? (3) a2 = 
—eW, indicating that the load at f causes compression in ef’. Hence no 
load should be placed at f. 


Illustrative Problem.—Determine the maximum and minimum stress in ef’ of 
Fig. 57 for the given uniform load conditions, assuming the counter f’G in position. 
The maximum stress in ef’ is 59,400 lb. compression, as calculated on p. 290. For 
minimum stress in ef’, load joints b to e of Fig. 57 with live panel loads of 60,000 lb. 
! 60.0 
each. Shear in panel ef = —R, = — od +2-+3 +4) = —50,000 Ib. 


From Kq. (13), with Cy = 0 (no live load at joint f) 


fe i G 


V 


Stress in ef’ = Ty sec 45 deg. ; 
= — (—50,000)(1.414) = 70,700 Ib., tension. 
The dead load stress in ef’ must be determined for the form of truss shown in Fig. 62. 


With dead panel loads of 24,000 Ib. at each joint, shear in panel ef = 24,000(114 — 4) = 
+36,000 lb. and Cy for member Ef’ = (72)(24,000) = 12,000 lb. From Eq. (18) 


T = Ty sec 45 deg. = (—36,000 + 12,000)1.414 
= 33,940 lb. compression. 
Hence, minimum stress in ef’ 


= —-(0;700)-— 33,940) = 36,760 lb. tension, 


For E-50 train loading, it can be shown by an analysis similar to the 
one used on p. 292 for load position for Hf’, that the criterion for load posi- 
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tion for maximum tension in ef’ is the same as given by Eq. (7), p. 292. 

To satisfy the criterion for member ef’, the train is to be headed to the 

right and some wheel must pass point e, the left end of panel ef, Fig. 57. 
The stress in ef’ is given by the equation 

| M, 

2d 

where M, = moment of loads in panels efg about e. This equation is 

derived by the same methods as used on p. 293 for Eq. (8). 


1 ei 


Illustrative Problem.—Determine the maximum and minimum stress in ef’, Fig. 57, 
due to dead load and E-50 train loading. Assume counter /’G in action. 

As given above, the dead load stress in ef’ = 33,940 lb. compression. On sub- 
stituting in the criterion for load position (Eq. (7), p. 292), it was found that wheel 3 
was the only one which answered. From the above equation, 

Stress in ef’ = Ty sec 45 deg. = 54,200 lb. tension. 

The minimum stress in ef’ = —33,940 + 54,200 = 20,260 lb. tension. 

Stresses in the verticals He and Gg are equal to the vertical components of stress in 
Ef’ or Gf’, modified by the presence of any joint load which may exist at E or G. 


15b. The Baltimore Truss with Sub-ties.—Figure 63 shows 
a 12-panel Baltimore truss with sub-ties. The position of counters is 
shown by the dotted members ef’ and h’2. 


ria 63. 


General methods for the determination of stresses in the members of 
the truss of Fig. 63 are quite similar to those explained in Art. 15a for the 
truss with sub-struts. In the present article, special attention will be 
given to members for which the methods of stress analysis differ from 
those given in the preceding articles. Wherever possible, reference will 
be made to existing formulas. 

Stresses in lower chord members are determined for moment centers 
at top chord points as in the Pratt truss. For stress in any top chord 
member, as EG, Fig. 63, cut a section 1-1 (#f’ in action in panel ef) and 
take point g as the moment center. By the methods used on p. 287 for 
stress in fg, it can be shown that 


Stress in HG = is ae 
where M, = moment at g due to applied loading, M; = moment at f 


in a beam of span eg due to loads in panels ef and fg; and h = height of 
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truss. For member CH, moment center is at e and M; = moment at d 
in beam ce. 

Maximum live load stress for uniform live load occurs. when the truss 
is fully loaded. The criterion for load position for maximum stress in a 
top chord member for E-50 train loading is 


= Gene (14) 


For member HG, Fig. 63, a = distance from left end of span to moment 
center at g; 1 = span length; G = total load on span; G,; = load to left of 
joint e; and G2 = load in panel ef. To satisfy this criterion some load 
must be placed at point f. Stress calculations for a top chord member 
are practically the same as given in the problem on p. 289. 

Stresses in ab’, b’C, and b’c are calculated as for the Baltimore truss 
with sub-struts. 

The stress in d’# is a tension whose vertical component is equal to 
one-half the joint load at d. This result is obtained by the same general 
method as used for sub-struts on p. 290. Maximum stress in d’E occurs 
under dead and live joint loads at d; minimum stress under dead load only. 

Maximum and minimum stresses in member Cd’ are determined from 
the combined shears in panel cd. These shears are calculated by the 
methods used for a corresponding panel in a 12-panel Pratt truss. 

Stress in member d’e is determined from a summation of vertical forces 
on section 2-2, Fig. 63. If Ty and Cy respectively denote vertical com- 
ponents of stress in d’e and d’H, and V = shear on section 2-2, we have 


ry, =V + ¢C,> 


For uniform train loading, it can be shown by means of the above equation 
that the maximum stress in d’e occurs when the truss is loaded from d 
to the right end, and the minimum stress occurs when b and ¢ are loaded. 
For E-50 train loading, the criterion for load position for maximum 
stress is the same as Eq. (7), p. 292, and the value of T,, is given by 
Eq. (8), p. 293. For the member under consideration, M., the moment 
of the loads to the left of joint e replaces M, of Eq. (8). 

Maximum and minimum stresses in the web members of panels ef and 
fg are affected by the presence of the counter ef’. Maximum stress in Ef’ 
occurs when the combined shear in panel ef is positive. For uniform 
loading joint f and all joints to the right are loaded. For E-50 train 
loading, the shear is determined as for the corresponding panel in a 
12-panel Pratt truss. Member ef’, the counter, is inactive when the shear 
in panel ef is positive, and its stress is zero, its minimum value. The 
minimum stress in Ef’ occurs when the counter ef’ is in action, shear 
on section 1-1 negative. When ef’ is in action, the form of truss for 
panels ef and fg is the same as shown in Fig. 62. The stress in Ef’ is 
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then a tension whose vertical component is equal to one-half the joint 
load at f. For minimum stress in Hf’, a dead joint load only should be 
placed at f. Maximum tension in ef’ is determined by the same methods 
given in p. 296 for ef’ of Fig. 62. 

The maximum stress in f’G, Fig. 63, is a tension which occurs when 
the counter ef’ is in action, form of truss as shown by Fig. 62. Loading 
conditions for maximum negative combined shear in panel fg prevail. 
Minimum stress in f’G occurs when the counter ef’ is not in action; 
member f’G is then acting as a sub-tie and its stress is determined as for 
d'E. 

Maximum stress in f’g, Fig. 63, occurs when the shear in panel fg is 
positive. Methods of calculation and load position for maximum value 
are determined as for member a’e. The minimum stress in f’g is zero; it 
occurs when the counter ef’ is in action, form of truss as shown in Fig. 62. 

Stress in the vertical Cc depends upon the joint loads at 6 and c, 
Fig. 63. Let W; and W, respectively represent these joint loads, and let 
T = stressin Cc. On considering the system of concurrent forces acting 
on joint c, taken as a free body, we have from summation of vertical 
forces, 


T= 14Wi+ W;, 


For stress in Ce due to dead load, or uniform live load, full panel loads 
. should be placed at bandc. If W = panel load, T = 34W. For E-50 
train loading, the panel concentrations at b and c may be determined from 
Eq. (2), p. 139. If M,, Mz and M; denote respectively the moments at 8, 
c and d, Fig. 64, due to the loads to the left of these points, it can readily 
be shown that 

3M, 


T = 55 (4és — Me) =5 d 


where M, = moment at point c in a beam of span ad (three panels of d 
each). For maximum stress in Cc, the train load is to be placed in posi- 
tion for maximum moment at c in the span ad. The minimum stress is 
due to the dead load only. 

The stress in He depends upon the vertical components of stress in 
d'E and Ef’ and that portion of the dead load which is applied at #. 
This latter load will be neglected for the present. The vertical com- 
ponent of stress in d'‘E = }44Wa, where Wa = joint load at d, and the 
vertical component of stress in Bf’ = V.; = shear in panel ef. If C = 
stress in He, we have 


C = %4Wat Ver (compression) 
The proper position of a uniform live load for maximum stress in He 


must be determined by trial. Two load positions are possible: First, 
joint f and all points to the right are loaded. Then V.s = 7342W, 
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where W = a joint load, and Wa = 0. From the above equation, C = 
28¢oW. Second, joint d and all points to the right are loaded. Then 


Ver = 4540oW — 2W = 2M42W, and Wa = we From the above equa- 


tion, C = 244oW + &{2W = 2%{2W. The former load position gives 
the greater stress. (For a 16-panel truss, the second load position gives 
maximum stress.) For E-50 train loading two load positions are possible 
for maximum stress in He. First, shear in panel ef is maximum, no load 
to left of joint e. The criterion for position of loads is the usual criterion 
for shear in any panel of a truss. Second, the load extends into panel cd 
causing a joint load at d. The criterion for load position can be shown to 
be 


5 -(G-3 + Gs) = 0 


where G = total load on truss; n = number of panels; G, = load in panel 
cd; Gz, = load in panel de; and Gs = load in panel ef. To satisfy this 
criterion some load must pass joint d or joint f. 

For the truss of Fig. 63 it was found that the maximum stress in He 
occurred when wheel 3 was placed at f. ‘The resulting stress was 146,100 
lb. tension. 

The minimum stress in He will occur when loads are applied in 
positions which will stress the counter ef’ in panel ef without placing a 
live joint load at d. The stress in He is then due to the dead load stresses 
in d'E and Ef’ = a dead joint load. When a portion of the dead load is 
applied at H, the stress in He is found from the above equation for C by 
adding to the result a compression equal to the load moved to the top 
chord, and noting that the load Wa is reduced in value. 

Maximum and minimum stresses in Gg, Fig. 63, are determined by 
similar methods. 

15c. The Pennsylvania Truss.—Figure 64 shows a Pennsyl- 
vania or Pettit truss. The dotted horizontal and vertical members at 
joints d’ and f’ act as supports for the top chord and webmembers. They 
have no definite direct stresses but may be subjected to secondary stresses 
due to the deformation of the truss as a whole. The dotted member ef’ 
is a counter. ) 

General methods of stress analysis for the truss of Fig. 64 are based on 
a combination of the methods used in Art. 15) for the Baltimore truss 
with sub-ties and those given in Arts. 9, 10 and 11 for the curved chord 
Pratt truss. 

The arrangement of members in the two panels at the end of the truss 
of Fig. 64 is exactly the same as for the truss of Fig. 45. Methods of 
analysis are the same as given in Art. 13 for corresponding members. 

Stresses in chord members are determined by the same methods 
as used in Art. 156 for the Baltimore truss with sub-ties. The criterion 
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for load position for maximum stress in top chord members is given by 
Eq. (14), p. 298. In calculating top chord stresses, it will be found con- 
venient to resolve the stress in chord members into vertical and horizontal 
components. The procedure is then as explained in Art. 13 for the curved 
chord Pratt truss. 


—— 


BAe | Se CORA SD 


Dead load: 2400 lb per Ft 
, 3000 /b. per Funiform 
Live lena, E-56 train loading 


Fig. 64. 


Stress in Cd’—Maximum and minimum stress in Cd’ of Fig. 64 is 
determined by the methods used in Art. 13 for the calculation of stress 
in diagonal Bc of Fig. 45. Combined shears are determined for panel 
cd of Fig. 64. For moving loads, joint d 


and all joints to the right are fully loaded mabe a 

for maximum tension. For maximumcom- \@———————-=-=>> 
pression, load joints b and c. The stress  “\.¢_—--— ‘ rages 
in Cd’ due to these loads may be determined The oe 

by means of Eq. (17), p. 261, with O’ as ~ naa 


criterion for load position for maximum 
stress and the methods of calculation are 


the same as given on p. 272 for member Bc pita er Sali 
of Fig. 45. tana! 


Stress in d'E.—Member d’E of Fig. 64 a 

is a sub-tie. The stress in d’H may be ae 

determined from Fig. 65, which shows the system of concurrent forces 
acting at joint d’. Let W = load at joint d, and let 7 = stress in d’E. 
Resolve T into its vertical and horizontal components, and assume these 
components to be applied at joint ZH. To determine Ty, take moments 
about O, the intersection of the line of action of S; and S: with a hori- 
zontal through #. From similar triangles it can readily be shown that 


i | 
eal : | 
a moment center. For train loading, the ¥ ne 
etl | 
eae 
| | 


5 Be iio 
the horizontal distance from O to the line of action of T'y is ae From 


moments about O, we have 


T Ww 


ee am Oh, ' 
The stress in d’H is then T = Ty sec 62. 


Zhe — h1) (1) 
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In some cases the load W is divided between joints d, d’, and a top 
chord joint directly over d’.. The value of W in Eq. (1) is to be taken as 
the sum of the three loads. 

Maximum stress in Cd’ occurs when dead and live joint loads are 

applied at d. Minimum stress occurs when only a dead 
P joint load is applied at d. For train loading, load W is 

Cc equal to the floorbeam reaction at d for a beam ce. 
<[/ If the top chord is not straight’ between joints C and 
E, but is curved, as shown by CDE of Fig. 66, the stress 
in Dd’ due to the top chord stresses must be determined 
e # e and added to W, proper attention being paid to the 
Fic. 66. character of stress in Dd’. Methods for determining 

the stress in Dd’ are given on p. 266. 


Illustrative Problem.—Determine the maximum and minimum stress in the sub-tie 
d’E of Fig. 64 due to the loadings given on the figure. 
Dead Load Stress—Dead panel load = (2,400)(20) = 48,000 Ib. From Eq. (1) 


: 1.24 : 
with hy = 40 ft., hi = 32 ft., and sec 6. = OERETIICE = 1.30 (see Figs. 64 and 65), 


we have 
Ty = ¥ (80 — 32) = 0.6W = 28,800lb. 
and 
= 1.307Ty = (1.30)(28,800) = 37,400 lb. tension. 
Uniform Live Loading.—W = (8,000)(20) = 60,000 lb. 
T = (0.6)(60,000)(1.3) = 46,800 Ib. tension. 
Train Loading.—From the table on p. 142 the floorbeam concentration at d = 
81,900 lb. 
Then 
T = (0.6)(81,900)(1.3) = 64,900 Ib. tension. 
Maximum and Minimum Stress—Minimum stress = dead load stress = 37,400 
Ib. tension. Maximum stress, uniform live load = 37,400 + 46,800 = 84,200 lb. 


tension. Maximum stress, train loading = 37,400 + 64,900 = 


102,300 lb. tension. ce 


Stress in d’e.—The stress in d’e may be determined ¢ 
by cutting a vertical section through panel de of Fig. 
64 and taking moments about O’. To simplify the result- 
ing moment equations, resolve the stresses in d’E and 
d’¢ into vertical and horizontal components applied at c’ 
and é respectively. : |? e 
The stress in d’e may also be determined by consider- Fic. 67 
ing the framing of panel ce, Fig. 64, to be composed of 
the auxiliary truss Cd’H, shown by dotted lines in Fig. 67, and the ordi- 
nary curved chord Pratt truss framing CEce, as shown by the full lines. 
It is evident from Fig. 67 that the load at dis transferred to C and E by ° 
the auxiliary truss. The stress in d’e will remain unchanged if the load 


Sec. 3-15c] BRIDGE TRUSSES 303 


at d is assumed as transferred to c and e by the beam cde. Hence, to 
determine the stress in d’e, transfer the panel load at d to joints c and 
é, placing at these points loads which are equal to the reactions at ¢ and 
e for the load at d. Then calculate the stress in Ce of the curved 
chord Pratt truss formed by removing the auxiliary frame Cd’E from 
Fig. 64. 

It can readily be shown that for maximum tension in d’e due to 
uniform live load (conventional method of loading), joint d and all 
joints to the right should be fully loaded. For minimum live load stress 
due to uniform live loading, joints c and all joints to the left are to be 
fully loaded. For train loading, the criteria for load position for maxi- 
mum and minimum stress are the same as used in the problem of Art. 18 
for the diagonal web members. 


Illustrative Problem.—Calculate the maximum and minimum stress in member 
d'e of Fig. 64 for the loadings given on the figure. 

Dead Load Stress.—Dead panel load = 48,000 lb. R, = (414)(48) = 264. Dis- 
tribute load at d-to joints c and e. Hence panel loads at c and e are (34) (48) = 72. 
All other joint loads = 48. Shear in panel ce = 264 — 48 — 72 = 144. Use Eqs. 
(12), (13), and (15), p. 259. From Eqs. (12) and (15), in which Ma = moment of 
loads at b and c about a; ¢ = distance in panel lengths from O’ to e; and s = distance 
in panel lengths from O’ to a, we have 


oe (144)(6) — x =O2E) _ 679 


25.61 
If 6 = angle between d’e and the vertical, sec @ = {aa 1.6. 


From Eq. (18) 
S = (67,200)(1.6) = 107,500 lb. tension. 


which is the dead load stress in d’e. 

Live Load Stress, Uniform Loading.—Live panel load = 60,000 lb. For maximum 
live load tension in d’e, load joint d and all joints to the right. On distributing the 
load at d to joints c and e, joint load at ¢ = 30; joint load at e = 90; all other joint 
loads = 60. Hence R; = 225. Shear in panel ce = 225 — 30 = 195. Ma = (80) 
(@Q) = CO, “Wlavern 


(195)(6) — 60 
on 10 


Sv = 111 


and 
S = (111,000)(1.6) = 177,500 lb. tension. 


For maximum live load compression in d’e, load joints b and c with panel loads of 60. 
R, = 105. Shear in panel ce = 105 — 120 = —15. Ma. = (60)(1 + 2) = 180. 
Then 

(=15)(6) = 180 _ 


10 =27 


Sy = 


and 
S = (27,000)(1.6) = 43,200 lb. compression. 
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Live Load Stress E-50 Train Loading.—The criterion for position of loads for 
maximum live load tension in d’e is given by Eq. (22), p. 264, with m = 2,k = 3, and 


n = 6, from which 2 —G, = 0. Wheel 4 at e, train headed to the left, answers the 


criterion. R, = 216.5. Load at d due to loads in panel cde = 30. Hence pene load 
at c = 15. Shear in panel ce = 216.5 — 15 = 201.5. 


Then 
(201.56) — 5)@) _ 4479 


Sy = 10 


and 
S = (117,900)(1.6) = 188,400 lb. tension 


The criterion for maximum live load compression in d’e is given by Eq. (26), p. 255, 
from which we have 0.3G — Gz = 0. Wheel 3 atc, train headed to the right, answers 
the criterion. Right reaction = 21.9, and load at d due to loads in panel cde = 14.4. 
Hence load at e = (44)(14.4) = 7.2. Shearin panel ce = —21.9+ 7.2 = —14.7. To 
determine the value of Mz, note that for the given load position, wheel 9 is 5 ft. to 
the right of a, the left support, and that wheels 1 and 2 are located in panel cd. 
The joint load at c due to wheels 1 and 2, and to the joint load of 14.4 at d is 23.1 + 
7.2 = 30.3. Hence, Ma = moment about a of wheels 9 to 3 plus moment of load at 
c about a = [2,770 + (140)(5)] + (80.3)(40) = 4,690 
Then 
(—14.7)(6)@0) — 4,690 _ 


(10)(20) — 32.27 


Sy = 


and 
S = (32,270)(1.6) = 51,700 lb. compression. 


Maximum and Minimum Stresses.—For uniform loading: Maximum stress in d’e 
= 107,500 + 177,500 = 285,000 lb. tension; minimum stress = 107,500 — 43,200 = 
64,300 Ib. tension. For E-50 train loading: maximum stress = 107,500 + 188,400 = 
295,900 lb. tension; minimum stress = 107,500 — 51,700 = 55,800 lb. tension. 


Maximum and minimum stresses in the members of panels ef and fg, 
Fig. 64, are affected by the presence of the counter 
G ef’. Methods of analysis for the several members will 

now be given. 

Stress in Ef’—Maximum stress in Ef’ occurs when 
the shear in panel ef is positive. The counter ef’ is not 
in action and Ef’ carries the shear. For uniform load- 
ing, joint f and all joints to the right are fully loaded. 

e f g For train loading, the criterion of Eq. (22), p. 264 is to 
Fic. 68. be used. The method of calculation is illustrated by 
the problem which follows. 

Minimum stress in Hf’ occurs when the shear in panel fg is negative. 
The form of truss is then as shown in Fig. 68. Member f’g is not in action 
and Ef’ acts as a sub-tie. 

To determine the stress in Hf’ when acting as a sub-tie, consider the 
system of concurrent forces acting at joint f’, Fig. 69. Let 7 = stress 
in Ef’; Q = stress in f’G; S = stress in ef’; and W; = joint load at f. 
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Figure 69 shows the relative position of the several forces. Since ef’ 
and f’G are not in the same straight line, an expression for stress in Ef’ 
will be a function of W; and either S or 0; 

To derive an expression for stress in Ef’ in terms of W; and Q, resolve 
T and Q into their vertical and horizontal components, and take moments 
about A, Fig. 69, a point located at the 
intersection of the line of action of S and 4 
the vertical Gg. We then have 


& 


N\ip 1G ’ 
i 


ra, 
Wee ON Pek ie rece cal 
Oe (a7) oat NS 7 ie 
But re fe = 
{ | ay i} he 
2d h | 4 r | 
Om=.Oy tan. 6, =O; ——— — Ta bi | 
2Qhe = hy | S/ | | 
Hence — Sh AL el |e 
W Pipes ae | ae sh 
— wed: — ani 1 amet 0 
Ty = Qn 5 =) @) Fong tla 
Fie. 69 


By the methods given on p. 258 for stress 
in member Bc, Fig. 45, it can be shown that 


Ope ee (3) 


in which V = shear on section 1-1, Fig. 69 (panel fg, Fig. 64); s = dis- 
tance from O, Fig. 64, to left reaction; M, = moment about left reaction 
of loads to left of section 1-1; and ¢ = distance from O to e’, the intersec- 
tion of the bottom chord and member /f’G, Fig. 64. A positive result 
in Eq. (3) indicates tension; a negative result indicates compression. 
Placing the value of Q, given by Eq. (8) in Eq. (2), we have 


—M, he—h 
t 2he — hi (4) 


Ty = iy ts 


Since any load placed to the left of section 1-1, Fig. 69 (panel fg, Fig. 64) 
will cause negative shear on section 1-1, it is evident that the least stress 
in Ef’ due to uniform live load will occur when joint e and all joints to 
the left carry live panel loads in addition to the dead panel loads. A 
similar loading condition occurs for train loading. The exact position 
of the train loading is best determined by trial, as explained in the follow- 
ing problem. 


Illustrative Problem.—Determine the maximum and minimum stress in member 
Ef’ of Fig. 64 for the loadings shown on the figure. 
Maximum Stress in Ef’ (Counter ef’ not in action).—Dead panel load = 48. 
Ri = (44%)(48) = 264. Use Eqs. (12), (13), and (15), p. 259. Dead load shear in 
20 
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(72) (36) — 480 
panel ef 2) = 227), Wh = (48) + 2+3+ 4) = 480. Sy = 42 a 


50.3. Member Ef’ makes an angle of 45 deg. with the vertical. Hence 
S = (50,300)(1.41) = 70,900 lb. tension 


which is the dead load stress in Hf’. 
Panel load for uniform live load = 60. Load joints f and all joints to the right. 


V=R, = *°%14+2+... +7) = 140, and M. = 0. 
Hence 
_ (140)(86) _ 
Sy = 42 = 120, 
and 


S = (120,000)(1.41) = 169,200 lb. tension. 


Maximum stress for dead load and uniform live load = 70,900 + 169,200 = 
240,100 Ib. tension. 

The criterion for position of train loading is given by Hq. (22), p. 264, with n = 
12, m = 5, and k = 36, from which ay — Gz, =0. Wheels 2 and 3 atf, train 

7 
headed to the left, answer the criterion. With 2 at f, Ri = 150.7; load at e = 50; 
V = shear in panel ef = 150.7 — 5.0 = 145.7, and Ma = moment about a of load at 
e. Then 

| (145.7)(36) — (5)4) 


Sy 42 


= 124.5 


and 
S = (124,500)(1.41) = 175,600 lb. tension. 


Maximum stress due to dead load and E-50 train load = 70,900 + 175,600 = 
246,500 Ib. tension. Wheel 3 at f gives a somewhat smaller value. 

Minimum Stress in Ef’.—As stated on p. 304, the minimum stress in’ Hf’ occurs 
under dead load and live panel loads at joint e and joints to the left. Use Hq. (4), 
p. 305. Wy = dead joint load = 48. V = shear in panel fg. For dead load, V = 
24, and for uniform live panel loads of 60 at joints b to e, V = —R, = —®%o 
d+2+3-+4) = —50. For dead load, Ma = 481 +2+3+44+ 5) = 720, 
and for live load, Ma = 6011 + 2 +3 + 4) = 600. From Fig. 64, s = 36 panels; 

= distance from O to e’ = 40 panels plus 1.82 ft. = 40.09 panels; hi = 40ft.; and hz = 
A2 ft. 
Then for dead load 


(24)(36) — 720 2 


eM Perea 40.09 44 


= 24.2 


and 
T = (24,200)(1.41) = 34,100 lb. tension. 


For uniform live load 


Sf sa U8) S00 2a 
eta AMG = Seer 


and 
T = (2,700)(1.41) = 3,800 lb. compression. 


Total stress in Hf’, dead load and uniform live load = 34,100 — 3,800 = 30,300 lb. 
tension. 

The position of the E-50 train loading which will give minimum stress in Ef’ can be 
seen from Eq, (4), p. 305 to be that load position for which the shear in panel fg, Fig. 
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64, is negative and as large as possible, at the same time keeping the load Wy at f as 
small as possible. The proper load position is best determined by trial. Try wheel 1 
at e, Fig. 64, train headed to the right. Shear in panel de = —R, = —46.6; M, = 


11,200; Wy = 0. 
Then 
Ss (—46.6)(36)(20) — 11,200 
a ei (40.09)(20) = de 
and 


T = (5,600)(1.41) = 7,900 lb. compression. 


Wheel 2 was found to give tension in Ef’, Minimum stress in Ef’ due to dead load 
and E-50 train load = 34,100 — 7,900 = 26,200 lb. tension. 


Stress tn f'g.—Maximum stress in member f’g, Fig. 64, is determined 
by the same methods as used for member d’e. Minimum stress in f’g 
is zero. It occurs when the shear in panel fg is negative, form of truss as 
shown in Fig. 68. 

Stress in f'G.—Maximum stress in f’G, Fig. 64, occurs when the shear 
in panel fg is negative, form of truss as shown in Fig. 68. Equation (3) 
p. 305, gives the value of the vertical component of stress in f/G. For 
uniform live load, joint f and all joints to the left are to be fully loaded. 
For train loading, the position of loads for maximum stress is given by 
Hoe (26), p. 265. 

Minimum stress in f’G occurs under dead load, counter ef’ not in 
action. The stress in f’G may be determined from Eq. (1), p. 301. 


Illustrative Problem.—Determine the maximum and minimum stress in member 
f'G, Fig. 64 for the loadings given in the figure. 

Maximum Stress in f’G.—Form of truss for panels ef and fg must be as shown in 
Fig. 68. Dead panel load = 48. Shear in panel fg = +24. From Eq. (8), p. 305, 
with s = 36 panels, and ¢ = distance from O to e’, Fig. 64 = 40.09 panels, 


__ (24)(36) —-(48)(1 + 2434445) _ 


40.09 RD 


Qv = 


Then 


= (8,500) (73° = 4,860 lb. compression, 


which is the dead load stress in f’G for the form of truss shown in Fig. 68. 

For uniform live load, panel loads of 60 are to be placed at jointsftob. V = 
—R, = —§%214+2+3+4+4+5) = —7. 
Then 


(+ 75)G6) = (60) 2 3-4-5) 
Qv = Te +89.9 


= (89,900)( ae = 121,800 1b. tension. 


Maximum stress in f’G due to dead load and uniform live load = 121,800 — 4,860 = 


116,940 lb. tension. i eh fee 
The criterion for position of E-50 train load for maximum stress in f’@ is given by 
¥ 


' G ; 
Eq. (26), p. 265, with n = 12, m = 7, and k = 48, from which 106.0 oe 0. Con- 
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sidering the portion of the structure to the left of panel fg, Fig. 64, it will be found that 
wheel 2, train headed to the right, answers the criterion. V = shear in panel fg = 
—(Rz — joint load at g) = —(83.8 — 5.0) = —78.8. Ma = moment of wheels 
18 to 2 about a, plus moment about a of joint load at f due to wheel 1 = 18,750 + 
(7.5)(100) = 19,500. Then 


(—78.8)(86)(20) — 19,520 


a ce (40.09)(20) ato 


and 


29.73) 


Q = (95, 100)( = 128,900 1b. tension. 


Maximum stress in f’G due to dead load and E-50 train load = 128,900 — 4,860 = 
124,040 Ib. tension. 

Minimum Stress in f’/G.—Minimum stress in f’@ occurs under dead load only, 
form of truss as shown by full lines in Fig. 64. From Eq. (1), p. 301, with W = 48, 
he = 42, and hy = 40, 


(48) ie 
Ty = ycapy (St — 40) = 25.1 
and 
Cs, 100)( 257° CO) Exes iviviliy, Wonctors. 


Stress in ef’—Member ef’ acts as a counter when the shear in panel 
ef of Fig. 64 is negative. The form of truss is then as shown in Fig. 68. 


To determine the stress in ef’, cut a section through panel ef of Fig. 64 
and remove the portion of the structure to the left of this section, as shown 
in Fig. 70. Resolve S and T into horizontal and vertical components 
applied at joints e and g respectively. From moments about O, 


V8 Ma ae Evie ie ee 2) 


Soe 
if s+m 


in which V = shear on section 1-1, assumed as positive, and M, = 
moment about a of loads between section 1-1 and the left end of the truss. 
On taking moments about point A’ of Fig. 69, it can readily be shown that 


hy (he = hy) 
Ty a Qho ——-W; — ae 
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in which W; = load at joint f. Substituting this value of Ty in the 
above equation, we derive 


“a yipsattg Eee S13 sign SOON 
Sy = iO) (5) 
Ott eslee sy -(s + m +2) 


2 


A positive result in Eq. (5) indicates tension and a negative result indi- 
cates compression. Since ef’ can take tension only, a negative result in 
Eq. (5) indicates that the shear on section 1-1 is positive, which is 
contrary to the assumed conditions. 


Illustrative Problem.—Calculate the maximum and minimum stress in member 
ef’ of Fig. 64 for the loadings shown on the figure. 

Minimum stress in ef’ = 0, for the member is a counter. 

Maximum stress in ef’ may be determined from Eq. (5). For the dimensions 
shown on Fig. 64, Eq. (5) takes the form 


Cees ae + 20Ws (6) 


Dead panel load = 48. V = shear in panel ef = +72; M. = 4811 +2434 4) = 
480; W; = 48. Then from Eq. (6) 


_ —(86)(72) + 480 + (20)(48) _ 


Sy 42 


— 27.4 


and 
S = (27,400)(1.41) = 38.600 lb. compression 


which is the dead load stress in ef’, form of truss as shown in Fig. 68. 

Live panel load = 60. For live load tension in ef’, Eq. (6) shows that the shear 
in panel ef must be negative. Hence, load all joints to the left of e. To determine 
if a load should be placed at f, we find on substituting in Eq. (6) values for a single 
load at f that the stress in ef’ is compression. Hence a live panel load should not be 
placed at f. 

For live panel loads of 60 at joints 6 to e, Fig. 64, V = shear in panel ef = 
—R, = —§6%o11 +24+3+4 = -50; M. =6014+2+3-+4 4) = 600; and 
W; =0. From Eq. (6) 
pee (28) (50) 3000 & 


Sy 42 


Spool 


and 
S = (57,100)(1.41) = 80,600 lb. tension. 


Maximum stress in ef’ due to dead load and uniform liveload = —38,600 + 80,600 = . 
42,000 lb. tension. ; 

For E-50 train loading it was found by trial from Eq. (6) p. 309, that wheel 3 ate, 
train headed to the right, gave the maximum stress in ef’. For the given loading con- 
ditions R, = 62.7; panel load at f = 14.4; shear in panel ef = — (62.7 — 14.4) = 
—48.3; and Ma = %o[11,763.75 + (23.1)(80)]. Substituting these values in Eq. (6), 
we find that Sy = 64.5. Then S = (64,500)(1.41) = 91,100 lb. tension. Maximum 
stress in ef’ due to dead load and E-50 train load = —38,600 + 91,100 = 42,500 


lb. tension. 
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Stress in He—The stress used in designing member Ee, Fig. 64, will 
generally be the maximum compressive stress in the member. Under 
certain loading conditions it is possible that a small tension may exist in 
Ee. ‘This tensile stress will seldom influence the design of the crosssec- 
tion of the member. In designing the end connections for He, most speci- 
fications take into account any reversal of stress, however small it may be. 
Methods for the determination of tension in He will therefore be given. 

The dead load stress in He may be determined by removing the 
auxiliary trusses Cd’/E and Ef’G of Fig. 64, and distributing the load 
at joint d to joints C and FE and the load at joint f to joints H and G. 
For live load stress the form of truss under the given load position will 
generally suggest the method of analysis to be adopted. This will be 
explained in the problem which follows. 


Illustrative Problem.—Determine the maximum compression and tension in 
member He of Fig. 64 due to uniform loading. 

Maximum Compression in Ke.—¥Form of truss shown in Fig. 64, counter ef’ not in 
action. 

To determine dead load stress in He place panel loads of 48 at all joints. Remove 
auxiliary trusses and transfer joint load at d to C and Z, and joint load at f to HE and 
G,. Hence joints b, c, and e of Fig. 64 carry loads of 48, joints C and G carry loads 
of 24, and joint F carries a load of 48. Cut an inclined section through members 
CH, Ee, and ef. Take moments about O’, or use Eq. (18), p.261. For the given load- 
ing conditions, R, = 264, shear on inclined section through panel ef = V = 264 
— 3(48) — 24 = +96; and M, = (48)(11 + 24+ 4) + (24)(2) = 384. 

From Eq. (18) 

(96) (6) — 384 _ 
+ 10 


Dead load stress in He = 19,200 lb. compression. 

Maximum compression in He for uniform live load occurs when joint f and all 
joints to the right are loaded with panel loads of 60. Since joint d is not loaded, 
member d’H has zero stress. For the given loading conditions, Ry = Ve = 6% 5 


S = == 


(a. ..+7) = 140 and M, =0.. From Eg. (18) 
S=— Soe = 84,000 lb. compression. 


Maximum compression in He = 19,200 + 84,000 = 103,200 


20600 ; 

oY al lb. compression. 
£ oe Maximum tension in He due to uniform live load will 
ai occur when the counter ef’ isin action. The live load should 
62,000 8 aa/ zy’ |p FY cover the left side of the truss and should extend as far to the 
seleo Vy 19700 right as possible without causing compression in ef’. It was 
found by trial, using Eq. (6) p. 309, that joints b to h are to 
Fra. 71 be loaded. For the given loading conditions, the vertical 


components of live load stress in members at joint EF are 
found to be as shown on Fig. 71. From summation of vertical forces, 7 = 11,7001: 
tension. The dead load stress in He when the counter ef’ is in action is found to be 
8,100 lb. tension. Hence, total tension in He = 11,700 + 8,100 = 19,800 Ib. If 
one-third of the dead joint load be assumed as applied at the upper chord joints, the 
net tension in He = 19,800 — (34)(48,000) = 3,800 lb. tension. os 
Stresses due to train loading are determined by similar methods. 
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Stress in Gg.—The stress in member Gg, the center vertical, is cal- 
culated by similar methods. Maximum live load compression in Gg 
will occur for loads at all panel points to the right of g, no load at g. 
Maximum live load tension in Gg will occur when the truss is fully loaded. 

15d. Stresses in a Double Intersection Warren Truss with 
Subdivided Panels.—Stresses in the members of the truss of Higsdo¢ 
may be determined by the application of the methods outlined on p. 229 
for the analysis of structures with multiple web systems. Figure 72 
shows the manner of dividing a truss of this type into independent 
systems. The effect of sub-panelling is represented by auxiliary trusses, 
such as cd’e. Dotted and full line web systems represent the independent 
‘main truss systems. Where any member is common to more than one of 
these independent systems, the total stress in that member is the sum of 
the stresses for the several independent systems. 

Chord stresses for the truss of Fig. 72 may be determined by removing 
the auxiliary trusses ab’c, cd’e, etc., assuming that the loads at joints 


a UTE ES en GP a. Ta) Ge ene 
J ===S => 12 PORES OE SO 


Teiee, 702. 


b, d, etc. are distributed to the main truss system. If W = panel load at 
each joint, loads of 2W are to be applied at Joints c, e, g, 7, and k. For 
any top chord member, as CE, the stress as a member of the dotted line 


: d 
system is 6W;. and as a member of the full line system, its stress is 
d . ea. 
8W> Hence the total stress in CH is a compression of 14 For a 
lower chord member, as cde, the stress as a member of the dotted line 


system is (W) (4a) — (2W)(2d)] = sw’ as a member of the full 


line system its stress is 4W : ; and as the lower chord member of the 
; Z 1 eee) 
auxiliary truss cde for a load W at d, its stress is Wr - Hence the total 


stress in cde = 13s tension. For uniform live load, all joints are to be 


fully loaded and the resulting stresses are directly proportional to those 
given above. For train loading, the panel concentration or the influence 
line method explained in Sec. 3, Art. 14, may be used, modified by the 
presence of the auxiliary trusses. 
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The dead load stress in the upper half of any web member, as Hf’, 
is due to the shear on a section cutting member Lg of the dotted line 
system. This shear is due to loads of 2W at joints c, e, g, z, and k. 
Hence, dead load stress in Hf’ = (3W — 2W) sec 6 = W sec 4, tension. 
For the lower end of any web member, as d’e, the dead load stress is 
due to the shear on a section cutting member Ce of the full line system 
plus the vertical component of stress in d’e as a member of the auxiliary 


truss cd’e. Hence, dead load stress in d’e = (2W — t) sec 9 = SW 


sec @. This stress is tension. Note that the shear 2W tends to cause 
tension in d’e while the vertical component of stress in d’e tends to cause 
compression. 

Maximum live load tension in Ef’ will occur when joint f and all 
joints to the right are fully loaded. On removing the auxiliary trusses, 
live joint loads of 2P are then to be placed at joints g and k, where P = 


live joint load for a panel length d. Hence stress in Ef’ = ad + 3) 
4 : : 
sec 0 = 3P sec 6, tension. For stress in f’g, the lower end of member £7", 


any load P at f will cause a compression of 5 sec 9 in member f’g of the 

auxiliary truss ef’g. Considered as a member of the dotted line system, 
: cor fal 1 tgs 

the stress in f’g due to a load P at f is (5P)(5) sec 9 = Z See 6, tension. 


Hence a load at f causes compression in f’g and this point should not be 
loaded for maximum live load tension. Placing loads of P at joints 
g to l, removing the auxiliary trusses and distributing their panel loads 
to the main truss systems, we have panel loads of 34 P at g and 2P at k. 


4 , Dis 13 
The stress in f’g is then = 1(5) (8) + (2)(1) |sec = 19 P sec 6, tension. 


For maximum compression load joint f and all joints to the left. Similar 
methods of analysis are used for other members. 
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16. The K-truss.—The K-truss of Fig. 73 is not, strictly speaking, 
a subdivided panel truss. However, it will be included under this head 
because the altered arrangement of members makes possible the use of 
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short panels in long span trusses. It may therefore be considered as a 
structure similar in nature to one with subdivided panels. 

To determine the stresses in any chord member, as EF, Fig. 73, cut a 
vertical section and remove the portion of the structure to the left of that 
section, as shown in Fig. 74. Let C and 7 represent the top and bottom 
chord stresses and let 8S; and S, represent the stresses in the web members 
cut by the section. Resolve S; and 8, into vertical and horizontal com- 
ponents and consider these forces as applied at e’. On taking moments 
about e’, we have 


Ch, +. Ths = M, 


in which M, = moment of applied loads about e. From a summation of 
horizontal forces, 


C+ Sia — Soe — T =0 


Since joint e’ is in equilibrium, Siz = Soy. Hence T = C and 


(oe Sse UE 
hi the h 
In a similar manner it can be shown that 
M, 
es h 


Hence, the stresses in top and bottom chord members in any panel are 
equal, (compression in the top chord member, and tension in the bottom 
chord member). The amount of stress is 
equal to the moment at the left end of the 
panel divided by the height of truss. 

Load positions for uniform loading and 
criteria for position of train loading are the 
same as for trusses with horizontal chords. 

To determine the stresses in web members 
Fe’ and fe’, Fig. 73, consider the conditions 
shown in Fig. 74. From a summation of 
vertical forces, 


S1 cos ai + S_ cos ag = V 


in which V = shear on section 1-1, considered as positive, and a; and az 
are the angles which S; and S_ make with the vertical. From a summa- 
tion of horizontal forces at e’, S; sin a, = S2 sin a. On solving these 
simultaneous equations we derive 


sin (oa) 
ite ae (a, + ae) 
and ake (1) 
Se a V : 


sin (a1 + ae) 
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When a = a, the usual case in practice, 
Si = Sz = WV seca (2) 


Hence when the angle a is equal for the two web members, their stresses 
are equal and each member takes one-half the shear on the section. 

For positive shear, S: is compression and 8S: is tension. Load posi- 
tions for uniform loading and criteria for position of train loading are the 
same as for trusses with horizontal chords. 

The stress in the upper end of the verticals Dd’, He’, and Ff’ of Fig. 73 
is equal to the vertical component of stress in the diagonal entering the 

joint at the top of the vertical. As soon as the stress 
Sy {s {7 in the diagonal is known, the stress in the vertical may 


readily be determined. 
on \ | To determine the stress in the lower end of any 


erie Fi vertical, as dd’, Fig. 73, remove joint d and indicate 
ie the system of concurrent forces acting at that joint. 
Fie. 75. Figure 75 shows joint d with all forces in position. 


Let Wa = panel load at d; S = stress in the diagonal 
entering joint d; and T = stress in dd’. From a summation of vertical 
forces, T = Wa — Sy. On substituting the value of Sy given by Eq. (1), 


(3) 


SIN a; COS ae 


Le Wa = Wess (a1 + a2) 


When a; = a2, Eq. (3) becomes 
T=Wa-— Vv (4) 


In these equations, V = shear in the panel to the left of dd’. 

Load positions for maximum stress in dd’ will be determined, assuming 
that Eq. (4) gives the stress in the member. On substituting in Eq. (4) 
for a single load at d or any joint to the left of d, it will be found that the 
stress in dd’ is tension, and that loads to the right of d give compression 
in dd’. Hence, for uniform live load, maximum tension in dd’ occurs 
when joint d and all joints to the left are fully loaded. Maximum com- 
pression occurs when joint e and all joints to the right are fully loaded. 

For train loading, maximum tension in dd’ occurs when the train load 
extends from the left end of the truss into panel de, train headed to the 
right. The criterion for load position for maximum stress can readily 
be shown to be 


a(2 +62) -G, =0 (5) 


in which G = total load on span; G, = load in panel to the right of dd’; 
Gz = load in panel to the left of da’; and n = number of panels in the 
truss. Equation (5) is satisfied when a wheel passes joint d. For maxi- 
mum compression in dd’, the train load extends from the right end of the 
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Span into panel de, train headed to the left. The criterion for load posi- 
tion for maximum stress is 

G 

Qn 
in which G = total load on span; Gi = load in the panel to the right of 
dd’; and n = number of panels in the truss. Equation (6) is satisfied 
when a wheel passes joint e. Corresponding conditions hold for members 
Ceond iy. 

Illustrative Problem.—Calculate the stress in member dd’ of Fig. 73 due to a dead 
load of 2,000 Ib. per ft., a uniform live load of 38,000 lb. per ft., and for E-50 train 
loading. 

Dead panel load = (2,000) (30) = 40,000 Ib. R, = (114)(40) = 220. Shear in 
panel cd = 220 — (2)(40) = 140. From Hq. (4) 

T = 1,000[40 — (14)(140)] = 30,000 1b. compression 


which is the dead load stress in dd’. 

Live panel load, uniform loading = (20) (3,000) = 60,000 lb. For maximum 
compression in dd’, load joint e and all joints to the right. Shear in panel cd = R, = 
SA +. = . +9) = 225. From Eq. (4), with Wz = 0, 


T = 1,000[0 — (14)(225)] = 112,500 lb. compression. 


For maximum tension, load d and all joints to the left. Shear in panel cd = R, — 
(2)(60) = 150 — 120 = +30. Load at d = 60,000 lb. From Eq. (4) 


T = 60,000 — (24)(80,000) = 45,000 Ib. tension. 


Maximum stress, dead load and uniform live load = 30,000 + 112,500 = 142,500 
lb. compression. Minimum stress = —30,000 + 45,000 = 15,000 lb. tension. 
Maximum compression in dd’ for train loading will occur when some wheel is 
placed at e, train headed to the left. The criterion of Eq. (6) is satisfied when wheel 
2 is placed at e. For this load position, shear in panel cd = R, = 4 40(20,455 + 
(355) (64) + 14 (2.5) (64)2] = 200.1; load at joint d = 1005 = 5. Thenfrom Eq. (4) 


T = 1,000[5 — (14)(200.1)] = 95,050 lb. compression. 


For maximum tension in dd’, substitution in Eq. (5) shows that wheel 3 at d, train 
headed to the right, satisfies the criterion. For this load position, R, = 38,940; load 
at d = 80,190; and load at e = 14,380. Hence shear in cd = — (38,940 — 80,190 — 
14,380) = +55,630 lb. From Eq. (4) 

T = 80,199 — (14)(55,630) = 52,370 lb. tension. 


Maximum and minimum stresses for dead load and train if 
loading are as follows: Maximum compression, 30,000 + e | 


% 

Zz 

95,050 = 125,050 1b.; maximum tension, — 30,000 + 52,370 = | tr 
Gy 


—-G,=0 (6) 


22,370 Ib. 


The stress in Gg, Fig. 73 may be determined 
from the conditions existing at joint g. Figure 76 ue 
shows the system of concurrent forces acting at joint Fig. 76. 
g. Let Vi and Vz = simultaneous shears in panels fg * 
1 


Mc Ve 
and gh. Assume these shears to be positive. Then 7 = W, + opp 


But V2 = V; — W,. Hence 
T= kW, (7) 
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that is, the stress in Gg is independent of the shear and depends only 
on the joint load at g. Maximum and minimum stresses in Gg are deter- 
mined by the same methods as used for the end verticals in a Pratt truss. 

When the top chord of a K-truss is curved, the above general methods 
must be modified so as to include the effect of the vertical component of 
top chord stress. The method of moments used in the analysis of the 
curved chord Pratt truss may readily be applied to the curved chord 
K-truss. 

SKEW BRIDGES 


17. General Considerations.—When a bridge crosses a stream or 
a street at an angle, it is generally impossible to place the ends of the 


Fortal bracing 
Values of Av f >< x Top 
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two trusses in any span opposite each other. When the trusses are 
arranged in the manner described above, the span is called a skew 
span. Figure 77 shows a typical skew bridge layout. While it is always 


laterals 


| Left hand 
| truss 
| 
. | 
~ Bottom 
laterals 
| | | 
| | 
| | Right hand 
| Truss 


Fia. 79. Fia. 80. 


desirable to arrange a span with square ends, it is not advisable to do 
so if this would cause the piers or abutments to present a partial side 
view to the direction of the stream flow. In the case of city bridges 
forming overhead crossings it is desirable to have the abutments parallel 
to the street lines in order to reduce the right of way area to a minimum. 
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The conditions encountered in skew spans generally lead to unsym- 
metrical trusses. It is desirable in skew bridges to place the floor- 
beams at right angles to the main trusses in order to provide simple 
and direct connections between floorbeams and trusses. When the skew 
is small, the inclinations of the end posts may be made unequal, as 
shown in Fig. 78. This construction is advisable only in case it permits 
the use of portal bracing in a plane surface. This bracing may be 
placed at an angle which is the mean of the end 


post inclinations. In rare cases it may be possi- ASSL Trens 
ble to make the panel length equal to the skew. 

The arrangement shown in Fig. 79 may then be | Perf hand 
adopted. Figure 80 shows a typical arrangement Kes 
resulting in two unsymmetrical trusses. Note | 


that the end suspender is lacking in one of the ES vies 


end panels. Figure 81 shows unsymmetrical 
trusses with inclined end suspenders, an arrange- Right hand 
ment which is used frequently in practice. os 


The layouts shown in Figs. 79, 80 and 81 Fra. 81. 
permit the use of portal bracing all parts of 
which lie in the same plane, except the end connections. 

Two methods of supporting the end stringers are shown in Fig. 82. 
Figure 82a shows an end floorbeam to which the stringers are riveted at 
a; and a3. The stringer loads are carried by the floorbeam to the main 
shoes at a and a’. This arrangement has the following disadvantages: 
The connections between stringers and floorbeams and between the end 
floorbeams and the trusses are complicated and not as rigid as right 


aad 
loorbeam Fi 
ui ae 
U2 
Flarsomy | 
a TR 
@ ) 
Fia. 82. 


angle connections; the stringers f; and tz being of unequal length have 
unequal deflections; and cross ties near the abutment end of the span 
rest partly on the masonry and partly on the stringers. Figure 82b 
shows the arrangement generally adopted. The main trusses are sup- 
ported by shoes at a and a’, and the stringers are supported by inde- 
pendent shoes at ai and 4a». This arrangement permits the use of 
stringers ¢; and ¢, of equal length, and the ties at the end of span rest 


entirely on the stringers. 
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18. Determination of Stresses in Skew Bridges.—General methods 
for the determination of stresses in skew bridges will be illustrated 
by means of the structure shown in Fig. 83. This structure is so arranged 
as to allow the use of two equal unsymmetrical spans. It will be assumed 
that all stringers are of equal length and that the end stringers are 
supported on independent shoes. 

The dead panel loads will not be equal. Assuming a dead load of 
w lb. per ft. per truss, all of which is applied at the lower chord, the panel 
load at 6, Fig. 83a is 4w(30 + 25) lb.; at ¢, d, and e, the panel load is 
25w lb.; and at f the panel load is 14w(25 + 20). Stresses in all members 
may readily be determined by the methods given for trusses with hori- 
zontal chords. If a portion of the dead load is assumed as applied at the 


o) Left hand truss ve 
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upper chord joints, the assumed dead load must be divided into parts 
which represent the weight of the floor system and the trusses. This 
division of load is best made from a study of existing structures. The 
portion of the dead load representing the weight of the trusses may be 
divided into two equal parts, one of which is assumed to represent the 
top chord weight and the other represents the lower chord weight. 
At B and F the end posts may be assumed to have the same weight as 
the top chord member. Each joint load may then be determined as 
above. 

Panel loads for uniform live load will all be equal for the arrangement 
shown in Fig. 88, sincé the effective panel lengths are all equal. Live 
load positions for maximum stress may be taken the same as for hori- 
zontal chord trusses. 

Live load stresses due to train loading may be determined by assuming 
that the position of loads for maximum moment or shear is the same as for 
a square ended truss with panel lengths equal to the stringer lengths taken 
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along the axis 1-1 of Fig. 836. For the truss of Fig. 83, we then have six 
25-{t. panels. Load positions for this assumed span may be determined 
by the methods given in Sec. 1. Having determined the position of the 
live load, the reactions, moments and shears may be determined by either 
of the two methods explained in detail below. These methods are: (a) 
Method of Panel Concentrations; (6) Method of Direct Moments. These 
methods give identical results, but in most cases, the calculations required 
by the second method are considerably shorter than those of the first 
method. 

18a. Method of Panel Concentrations.—After the load posi- 
tion has been determined by the method suggested above, calculate the 
panel concentrations due to this loading, assuming that the load on both 
rails is applied along the axis 1-1 of Fig. 836. Methods for the calcula- 
tion of these panel concentrations are given in Art. 71, p. 1388. These 
panel loads may then be divided equally between the two main trusses 
and the stresses in all members may be calculated by the usual methods. 

18b. Method of Direct Moments.—The reactions at the end 
supports may also be determined by considering the equilibrium of the 


structure as a whole. Figure 84 shows an isometric projection of the 
plane of the lower chord of the truss drawn with respect to the intersecting 
axes 1-1 and 3-3. Let Ri, Ri’, R. and R2’ represent the main truss reac- 
tions. Assume the stringers in the end panels to be of equal length and 
let r; and r. be the stringer reactions at the ends of the truss. Cut a 
section z-a along the center line of the truss. Since the stringers are 
assumed to be equal in length, the loads W on any floorbeam are equal 
and the shear in the portion of the floorbeam between stringers 1s Zero. 
To determine R:, consider the portion of the structure below axis 2-2. 
From moments about axis 2-2 of forces acting perpendicular to the plane 
of the lower chord, we have 


ri tn(t-2£)-n- Me =0 
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from which 


Ry =~ 2+ 


Dy) = (ry ae to) — (1) 
In Eq. (1) Mz = moment of applied loads about axis 2-2; and s = skew 
at end of span. Note that. loads to the right and left of axis 2-2 must 
be included in calculating Mz. To determine Rj’, take moments about 
axis 3-3, considering forces above axis x — x, from which 

M3 


Ue = 
UD ais 


—s(ntm) —1 (2) 
in which M3; = moment of applied loads about axis 3-3. Similar 
methods may also be used when the skew is unequal at the two ends of 
the bridge. 

When the load on the bridge is a uniform load of 2w lb. per ft. of 
bridge, and the panel lengths are equal, the above equations reduce to 
simple forms. Let 1 = nd, where n = number of panels and d = panel 
length, and let s = kd where k = a fraction. We then have 


Man (1-5) — 9 = Fe 9) ee ne 8) 


and 


wd 
den, a4 They = 
Substituting in Kq. (1) 
wd k 
1= FU -2)m- (3) 
In a similar manner 
Ry = (1+) een) (4) 


If desired, similar equations for reactions due to partial loading may also 
be fered: 


The moment at any joint c, Fig. 84, is equal to moments about an 
axis c-c’ through the given center. Considering vertical forces below 
axis x-2, we have 


s 
M.=Rit+n(t-3)-M, (5) 
in which M, = moment about axis c-c’ of applied loads between this axis 
and the left end of the span. The shear in any panel bc, Fig. 84, is 
V a Ri + ih ZW 


in which ZW = joint load at b due to loads in panel bc plus loads from 6 
to the left end of the span. 
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Illustrative Problem.—Calculate the moment at joint c of the right-hand truss of 
Fig. 83 due to a uniform live load of 6,000 lb. per ft. of bridge. 

Panel Concentration Method.—Panel loads at each joint of each truss = (14) (6,000) 
(25) = 75,000 lb. Place loads of 75,000 at joints b to f of Fig. 83a for maximum 
moment atc. From,moments about g, 


75,000 
a 150 —(20 + 45 + 70 + 95 ue 120) = 175,000 lb. 
Then 
M, = {(R1)(55) — (75,000)(25)] = 7,750,000 ft.-lb. 
Direct Moment Method.—From Eq. (3), with 2w = 6,000; k = = = = = 0.4; 
n = 6, and d = 25, 
3,000)(2 ' 
Re COE? ( ae ae = 1) =.'175,000 Ib. 
For moment at c, use Eq. (5), with R; = 175,000; ¢ = 55 ft.; s = 10 ft.5 m = = = 


37,500 lb.; and M, = moment of two panels of uniform load about c = (8,000) 
(50) (25) = 3,750,000. Then 


M. = (175,000)(55) + (37,500)(55 — 5) — 3,750,000 
= 7,750,000 ft.-lb. 


Illustrative Problem.—Calculate the maximum positive shear in panel cd of the 
right-hand truss of Fig. 83 due to a uniform live load of 6,000 lb. per ft. of bridge. 

Panel Concentration Method.—Using the conventional method of loading, joint 
joads of (3,000)(25) = 75,000 lb. are to be placed at joints d, e, and f, Fig. 83a. Then, 


shear in panel cd = RR; = ioe (20 + 45 + 70) = 67,500 lb. 


Direct Moment Method.—The uniform live load of 3,000 lb. per ft. per truss covers 
the span from joint d to the right end of the stringers. To conform to the conven- 
tional method of loading, an additional concentrated load of 37,500 lb. must be placed 
at each stringer on the floorbeam at d. Taking moments about an axis through g for 
loads on the lower side of axis 1-1, Fig. 836, noting that rz = 37,500 lb. we have 


Ry = 200 ((3)(75)(82.5) + (87.565) + (87-5)(70)] 


= 67,500 lb. 


which is the required shear in panel cd. 

Illustrative Problem.—Calculate the moment at joint c of the right-hand truss of 
Fig. 83 due to E-50 train loading. 

Assuming the train load to be located along the axis 1-1, it will be found from Fig. 
141, p. 112 that wheel 7 at c gives maximum moment at c. 

Panel Concentration Method.—By the methods given in Art. 71, p. 138, the panel 
concentrations at the joints of the right-hand truss of Fig. 83a due to the above 
position of loads are as follows: b = 87,750 lb.; ¢ = 71, 700 lb.; d = 82,550 lb.; e = 
80,050 lb.; and f = 61,7001b. Taking moments about g, Ry = 186, 375 lb. Moment 
atc = (186,375) (55) — (87,750)(25) = 8,056,875 ft.-lb. 

Direct Moment Method.—To determine R,, use Eq. (1), p. 320. In this equation 
M» = moment at g, Fig. 83b, due to train load with wheel 7 at c. Note that the 
uniform load extends 5 ft. to the right of g and 23 ft. to the left. Then 


Mz = 1,000[20,455 + (355)(23) + (14)(2.5) (23)? — (34)(2.5)(5)*] 
29,250,000 -ft.Ib. 


ll 


21 
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The stringer reaction at k is r, = 10,000 lb., and at h, the stringer reaction is rz = 
31,250 lb. Then from Eq. (1) 


_ 29,250,000 , 10 
150 300 


= 186,500 lb. 


The moment at c, as given by Hq. (5) is 
M, = (186,375)(55) + (10,000)(55 — 5) — 2,693,750 
= 8,056,875 ft.-lb. 

Note that the results given by the two methods are identical. However, the 
amount of work required by the second method is generally less than that required by 
the first method. This is due to the extra work required for the calculation of the 
floorbeam reactions. 

Illustrative Problem.—Calculate the shear in panel bc of the right-hand truss of 
Fig. 83 due to E-50 train loading. 

Considering the loads as applied along the center line of the bridge, wheels 3 and 
4, train headed to the left, answer the criterion for shear in panel cd. It was found 
that wheel 4 gave the maximum shear. 

Panel Concentration Method.—The panel loads at the several joints for wheel 4 at 
d are as follows: b = 24,000 lb.;¢ = 94,550 1b.;d = 65,700 lb.; e = 91,000 1b.; andf = 
72,750 lb. On taking moments about the right end of the truss, we find R; = 146,742 
lb. Hence, shear in panel cd = 146,742 — 24,000 = 122,742 lb. 

Direct Moment Method.—For the given loading Mz = 1,000 [20,455 + (3855)(4) + 
(34) (2.5) (4)? — (14) (2.5) (5)?] = 21,863,750 ft.-lb. Also, r: = 29,5001b. Then from 
Eq. (1), 


Ri (10,000 + 31,250) — 10,000 


_ 21,863,750 10 


a 150 ao (2)(150) (29,500) = 146,720 Ib. 
as before, shear in panel cd = 146,742 — oe = 122,742 lb. 


BRIDGES ON CURVES 


19. General Considerations.—The spacing of trusses for bridges on 
curves must be increased to allow for the tilting of the cars due to the 


superelevation of the ‘outer rail and also to allow for the swing of the 
portion of the cars overhanging the trucks. 

Figure 85 shows a deck structure with the center line of track on the 
curve 2-2. If c¢ = middle ordinate of the curve of the center line of track, 
1 = length of span, and R = radius of curve 2-2, it can be shown that 


c= R—In— (4) (1) 
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When the degree of curve is less than ten, we may use in place of Eq. (1) 
the approximate formula 


[2 
OS gs (2) 
If D = degree of curve, Eq. (2) may be written 
aD) 


The track is sometimes placed so that the mid-ordinate c is divided 
by the axis 1-1, Fig. 85. If 6; = distance between girders required for 
track on tangent 


=6,+¢ 


In other cases the axis 1-1 is made to pass through a point 1c from the 
vertex of the curve 2-2. 

The distance between trusses in a through bridge on a curve must 
provide for the usual clearance diagram increased to allow for the tilting 
of the cars, as shown in Fig. 86, and for 
the swing of the cars, as shown in Fig. 
87. As shown in Fig. 86, a tilting of the 
car to the left causes point 1 to move to 
1’ and point 2 to move to 2’. The ver- 
tical and horizontal components of the 
movement of these points are shown 
on the figure. These values are given 
in terms of H, the superelevation of the 
outer rail; G, the gage of the track; H 
and h, the height of points 1 and 2 above 
the top of rail; and B the width of the . 
car. Gage oh tack 

Figure 87 shows the conditions gov- Hae 
erning the distance between trusses 
due to the swing of a car of length A, width B, distance between trucks 7’ 
and vertical height as shown in Fig. 86. It can be seen from Fig. 86 that 
point 1’ will determine the clearance on the inside of the curve and point 
2’ will determine the clearance on the outside. The paths swept out by 
these points are shown in Fig. 87 by curves 1-1 and 2-2. 

If R and L represent the distances from the center line of track at the 
bridge center to the centers of the trusses, it can readily be seen from Fig. 


87 that 


Position of car on 
Straight track 


Fosition of car of 
curve due to super- 
elevation of 


£ outer inti! 
G 


= superelevation 
ofouter rail 


J TBE, 
R=5h+etatatst ee (4) 

B hE 
L=jth+e-atats—@ (5) 
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In these equations ¢; and f represent the width of the truss at the end post 
and at the center of the truss; c = minimum allowable clearance between 
rolling stock and bridge, generally taken as 2 ft.; c, and cz = the mid- 
ordinates respectively for the distance center to center of trucks and for 
the length of the car; c: = mid-ordinate for chord J, Fig. 87a determined 


Fie. 87. 


by projecting point 1, Fig. 87c, to an intersection at 1’-1’, Fig. 87b with the 
outside edges of the end posts; and the last terms in each equation repre- 
sent the tilting of points 1 and 2, Fig. 86, due to elevation of the outer rail. 

Two general methods used in locating the stringers in a bridge 
on a curve are shown in Fig. 88. When the mid-ordinate does not 
exceed about 6 in., the distance between | 
stringers is increased somewhat and all 
of the stringers are placed in the same 
line as shown in Fig. 88a. When the 
degree of curve is large, the stringers in 
adjacent panels are offset, as shown in 
Fig. 886. The amount of offset in adja- 
cent panels must be sufficient to prevent 
interference between stringer connections, 

20. Stresses in Bridges on Curves.—The forces acting on a bridge 
on a curve are shown in the cross-section of Fig. 89. These forces 
are W, the weight of the train, and F, the centrifugal force due to motion 
of the train. In calculating the stresses in the structure, the effect of 
forces W and F may be determined separately and the resulting stresess 
added to give the total stress in any part of the structure. 
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20a. Effect of Weight of Train.—<As shown in Fig. 89, load W 
is, in general, eccentric with respect to the main trusses. The stresses 
due to W may be then calculated in two 
parts, (a) one part due to W considered 
as a centrally applied load, and (6) the 
other part due to the eccentricity of 
application of load W. For any mem- 
ber, the total stress is then the sum of 
the two partial stresses. 

To determine the stresses due to any 
given loading, let W = floorbeam load 
at any joint and let e = eccentricity of 


Outside truss 


Inside truss 


load W with respect to center line of 4, enter io tock 
bridge. On taking moments about joint “ ee aie 2S 
1 for the conditions shown in Fig. 89, the  [------- b ------4 
load on the outside truss, considered as Fie. 89. 
applied at joint 2, is 
W € 
W2 = Gy = We (6) 
and for the inside truss 
Ww € 
From Fig. 89, 
b 
= 5 a (L + €1) (8) 


If h, = distance from top of rail to the center of gravity of the train 
load, usually taken as 6 ft., we have e: = = where LE = elevation of 


outer rail and G = gage of track. Equation (5) gives the value of JL, 
and>b =L +R. In a similar manner, panel loads may be determined 
for each joint in the truss. Note that the value of e differs for each panel, 
depending upon the position of the track at that point. The load W is 


the total panel load for both rails. In general, the loads W- cause an 


increase in the stresses in the outside truss of Fig. 89 and a decrease in the 
stresses in the inside truss. 
In calculating stresses in a truss for the loads given by Eqs. (6) and (7), 


Wee ; 
the portion of the stress due to 9 3s the same as for the given loads 


centrally applied. The portion of the stress due to loads We is deter- 


mined by placing these loads at the proper joints and calculating the 
stresses by the usual methods. These stresses are the same in amount 
but opposite in kind for the two trusses. The total stress in any member 
is the sum of these partial stresses. 
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The calculation of the loads We for train loading is generally rather a 
tedious process, because of the length of the calculations required for the 
determination of panel concentrations. Since the determination of the 
eccentricities at the several panels is based on assumptions which are 


is 
only approximate, and since the stresses due to the loads WwW are small 
compared to those due to loads 2 it is reasonably correct to determine 


loads We from an equivalent uniform load obtained as explained in 


Art. 68h, p. 131. Load positions for maximum combined stress may be 
taken the same as for the centrally applied loads. Methods of stress 
calculation are given in the preceding chapters. Loads on stringers 
and floorbeams may be determined by similar methods. In determining 
the eccentricity ¢ for a stringer, the average value for the panel in ques- 
tion may be taken. For floorbeams, use an average value of e taken for 
the half stringer panel each side of the floorbeam in question. 

206. Effect of Centrifugal Force.—The centrifugal force F 
due to a body of weight W lb. moving in a curve whose radius is R ft. at a 
velocity v miles per hour is 


F="w (9) 


in which g = acceleration of gravity = 32.2 ft. per sec. If g be 
expressed in miles per hour, and if D = degree of curve the above equa- 
tion may be written 


F = 0.000011702DW (10) 


The centrifugal force F may be determined from the above equations 
in terms of panel loads or load per foot. 

_ The centrifugal force F is sometimes taken as a percentage of the 
live load plus impact. In the 1920 edition of the specifications of the 
A.R.E.A. we find the following recommendation: 


On curves the centrifugal force (assumed to act 6 ft. above the rail) shall be taken 
equal to a percentage of the live load including impact according to the following 
table: o 


— 


Degree of curve | 0° 20’ | 0° 40’ 1° | 2°] 3°} 4° | 5°] 6° | 7° | g° | 9° LOS ates ete 


Percentages... a... 2 5 |774| 10] 10} 10} 10} 10] 10] 10] 10| 10 | 10 | 10 


Speed in miles per 
IMO aco vous s 80 80 | 80) 65) 53] 46) 41/ 38) 35] 33] 31/ 29 | 28 | 27 
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Values of F taken from the above table are somewhat less than 
those given by Eq. (9) or (10). If k = coefficient of W in Eqs. (9) and 
(10), or the percentage given in the above table, we may write 


F=kw (11) 


Equation (11) shows that the centrifugal force F is proportional to 
the applied loads W. If W is caused by a uniform load, then also 
will F be uniform. If W is due to wheel concentrations, then F will be a 
similar set of loads k times as great as the vertical loads. 

The action of loads F on a truss is exactly the same as a wind force, 
or other lateral force, acting on the side of a train. Methods of stress 
analysis are given in Sec. 4. It is there shown that a load F, Fig. 89, 
causes stress in the lateral system of the loaded chord and also causes 
stresses in the vertical trusses. 

Stresses in the lateral system of the loaded chord are to be deter- 
mined for a system of horizontal loads of amount kW applied in the 
plane of the lateral system. For Fig. 89, these loads are applied in the 
plane 1-2, the plane of the lower chord. Note that load W of Kq. (11) is 
the total load for two rails. 

Stresses in the vertical truss are similar in nature to overturning 
Effect, explained in Art. 4, Sec. 4. At joint 2, Fig. 89, a downward 
load F 4? = mw? acts on the outside truss and at joint 1, a similar load 


acts upward. In general, the stress in any member of the vertical truss 
a CAD : : 
is rR times the stress due to a centrally applied vertical load equal to the 


applied load on both rails. 

Floorbeams and stringers are also affected by the load F. The 
portion of the floorbeam adjacent to the outside truss will have stresses 
equal to ae times those due to vertical loading. These stresses are due 
to the overturning effect of load F. Stringers also are stressed by over- 
turning effect. They are also subjected to lateral forces due to the hori- 
zontal load on the panel in question. Methods for the determination 
of these stresses are the same as for the main lateral and vertical trusses. 

20c. Maximum Stresses.—The maximum stress in any 
member of a truss in a bridge on a curve is due to the combined effect 
of vertical loading, eccentricity of vertical loading, and the centrifugal 
force F. In determining maximum stress in any member, the stresses 
to be combined are the simultaneous stresses for a given position of the 
loads. An exact determination of maximum stress therefore involves 
considerable work. However, it will generally be found that the position 
of loads giving maximum stress in the vertical trusses will generally give 
the combined maximum stress. 
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STRESSES DUE TO TRACTIVE FORCES 


An application of the brakes while a train is crossing a bridge is gener- 
ally assumed to exert on that structure a force equal to 20 per cent of the 
weight of the moving load on the span. This force is assumed asapplied 
6 ft. above the top of rail. 

In through bridges the members affected by tractive forces are the 
floorbeams, stringers, and the lateral system of the loaded chord. ‘This 
includes the chord members of the loaded chord. The tractive forces 
are transferred directly to the stringers, and are carried to the floorbeams, 
which must resist these forces as beams in bending in a plane perpendic- 
ular to the web plate. The tractive forces transferred to any floorbeam 
are due to the loads in a single panel. 

When the laterals are connected to the stringers, as shown at a, b, c 
and d of Fig. 90, and cross braces ab and be are provided, small trusses 
1, a, b, eare formed which offer some assistance in carrying tractive forces. 


Qfixed end e 


SS 
CTractve 
Faces 


Fie. 90. 


However, the portion of the tractive forces carried by these trusses is 
generally small. 

The floorbeam reactions at e and f, Fig. 90, due to tractive forces are 
transferred to the chords of the main trusses. If the train advances on 
the bridge from the fixed end, these chord stresses are tensile. They are 
compressive when the train advances from the free end. The stresses in 
the chord members increase uniformly from the free end to the fixed end 
of the span, receiving an increment of stress at each floorbeam. 

In a deck structure which is supported at the plane of the top chord, 
the effect of tractive forces is the same as described above for the through 
bridge. When the truss is supported at the plane of the lower chord, as 
shown in Fig. 91, the force T tends to lift one end of the truss and force 
down on the other, as indicated by the directions shown for the reactions 
kh; and R;. Hence, in addition to top chord stresses similar to those 
described above for the through bridge, all members of the deck bridge 
are subjected to stresses due to the reactions R, and Re. However, these 
stresses are generally small, for in a truss as usually designed, (h + 6) is 
generally from one-fifth to one-sixth of thespan. Hence R 1 = 4Tto KT. 
But T = 20 per cent of the applied vertical loads. Therefore, in general, 
f, due to tractive forces will not exceed from 4 to 314 per cent of the 
reaction due to vertical loading. The effect of tractive stresses on verti- 
cal trusses may generally be neglected. 


SECTION 4 
LATERAL TRUSSES AND PORTAL BRACING 


By Grorae A. Hoon anp W. 8S. Kinnu 


A bridge truss, considered as a framed structure in space, must be 
designed to provide for the following forces: (a) vertical forces due to the 
weight of the structure; (b) lateral forces due to wind pressure on the 
exposed surface of the truss and on the vertical projection of the liveload; 
lateral forces due to the nosing action of locomotives caused by unbal- 
anced conditions in the mechanism and also to the lurching movement of 
the trucks under cars against the rails because of the play between wheels 


RX E' ~Main truss D' 
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(f) Sect I-I 
, Sway Bracing 
Cc 
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Fig. 1. 


and rails; and lateral forces due to centrifugal forces when the track is 
curved (see p. 326). 

Forces of the first class mentioned above are carried by the main 
trusses shown in Fig. 1, which represents a typical bridge truss. The 
nature of the vertical forces acting on these trusses and methods for the 
determination of the resulting stresses for different types of loading have 
been given in detail in the preceding sections. 

Forces of the second class mentioned above are generally assumed to 
act in a horizontal plane and in directions perpendicular to the plane of 
the main trusses. To resist these forces, trusses in a horizontal plane, 
known as lateral trusses, are usually provided. The most convenient 
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location for these trusses is in the plane of the upper and lower chord of 
the main trusses. In this way a single member can be used to form a 
chord member common to the main and lateral trusses. Figure 1b shows 
a typical bottom lateral system, and Fig. 1c shows a top lateral system. 
Note that BD is common to the main and top lateral trusses and AC 
is common to the main and bottom lateral trusses. 

In order to form a framework which will be structurally rigid, it is 
necessary to provide bracing in a plane perpendicular to the planes of the 
main and lateral trusses. If bracing is placed in the plane of the end posts 
of the truss, the resulting space frame will in general be rigid and static- 
ally determinate, or may be rendered so by simple and reasonable assump- 
tions. In the case of a deck truss, one or both of the diagonals shown in 
the end bracing of Fig. le may be used. For through bridges, a clear 
space must be provided between the trusses for the passage of the live 
load. A typical form of bracing used in through bridges is shown in Fig. 
Id. This is known as portal bracing. The framework shown in Fig. 1d 
is incomplete and the desired rigidity is secured by subjecting certain of 
the members to bending. 

Although the truss systems and end or portal bracing are sufficient 
to form a rigid framework, it is usually considered advisable to provide 
additional bracing placed in the plane of all vertical members, except 
those at the ends of the bridge where portal or end bracing is in place. 
Typical bracing of this sort, which is known as sway bracing, is shown in 
Fig. 1f. The object of this bracing is to bind the structure firmly 
together, and also to brace the top chord compression members so that 
the column length may be taken as equal to the truss panel length. 

In short span deck-girder bridges generally only a single lateral system 
is provided. This lateral truss is placed in the plane of the top chord. 
Cross frames placed at frequent intervals are used to support and stiffen 
the lower chord. End cross frames are provided to carry all lateral 
forces to the supports on the abutments. 


LATERAL TRUSSES 


1. Loads on Lateral Truss Systems.—The lateral load or wind 
force to which a bridge truss will be subjected cannot be determined 
with any great degree of precision. In general, the amount of load 
for which provision should be made in order to secure a rigid struc- 
ture is based on past experience as gained from existing structures. 
The following is taken from the 1920 specifications of the A.R.E.A. 
for railway bridges: 


Article 32. The lateral (or wind) force shall consist of a moving load equal to 30 
Ib, per sq. ft. on 114 times the vertical projection of the structure on a plane parallel 
with its axis (but never less than 200 lb. per lin. ft. at the loaded chord, and 150 lb. 
per lin. ft. at the unloaded chord), and a moving load of 700 Ib. per lin. ft. applied 
8 ft. above the base of rail. 
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Article 33. If a moving load of 50 lb. per sq. ft. on 14 times the vertical projec- 
tion of the unloaded structure on a plane parallel with its axis produces greater stresses 
than the lateral force defined in Art. 32, it shall be provided for. 


In the material quoted above, Art. 32 represents the maximum 
wind pressure under which trains may operate in safety, for experience 
has shown that pressures greater than 30 lb. per sq. ft. will overturn 
unloaded cars. Article 33 represents pressures encountered in hurricanes 
and other violent wind storms. Under such pressures trains cannot 
operate and such loads would be borne by a structure without live 
load. - 

For highway bridges 300 ft. or less in length, Cooper’s specifications 
provide for a lateral force of 300 Ib. per ft. of bridge on the loaded chord, 
of which 150 lb. is considered as moving load, and 150 lb. per ft. for the 
unloaded chord. When the span length exceeds 300 ft., the lateral force 
on each chord is increased by 10 lb. per ft. of bridge for each additional 
30 ft. 

Since the loadings given above are approximate in nature, it follows 
that in calculating panel loads on lateral trusses refined assumptions 
regarding the distribution of lateral forces are unwarranted. It is 
sufficiently accurate to assume that all of the lateral force is applied at 
the joints of the windward truss. Panel loads at each joint of the bottom 
lateral system may be considered as equal and in amount equal to the 
load per foot times a panel length. A similar assumption may be made 
for the top laterals, and joint loads at B and D of Fig. 1 may be taken as 
equal to the load at an interior joint L. 

2. Forms of Lateral Truss Systems.—The form of lateral trussing 
used in any structure depends on the type of structure and to some 
extent on its size. In small structures, such as plate girders or half- 
through highway bridges, in which the length of members in the lateral 
trusses is small, a single Warren system may be used. 

Figure 1 shows types of lateral truss framing of the Pratt type. 
This system of bracing is in common use for steel spans of any form. 
In the top lateral system of Fig. 1c, the members are generally rather 
long. It is therefore usually assumed that the diagonals take tension 
only, as column action in members of this length would require large 
sections to meet rigidity conditions, while only a small section would be 
required to meet stress conditions. Two members are generally pro- 
vided in each panel, as shown in Fig. lc. It is assumed that one member 
is in action when the direction of lateral force is such as to cause tension 
in that member. ‘The other member is assumed to be inactive at that 
time. When the direction of lateral force is reversed, the active and 
inactive members are also reversed. The cross struts, such as HE’, are 
in action as compression members regardless of the direction of the lateral 


force. 
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Similar conditions are sometimes also assumed for the bottom 
lateral system of Fig. 1b. However, it is the usual practice to connect 
the lateral diagonals to the stringers at points a, b, c, and d where they 
cross. In this way, the length of the diagonals is reduced to such an 
extent that these members may readily be considered as compression 
members. When this condition holds, it is generally assumed that both 
diagonals in any panel are in action at the same time, one acting as a ten- 
sion member, and the other as a compression member. 

3. Action of Lateral Forces on the Structure.—Figure 2a is an 
isometric projection of a through bridge showing the lateral forces 
in position. Loads W, represent the panel loads applied to the top 
lateral system. Loads Ws. represent the effect of lateral loads due to 


Pryn, We 
(a 
[ Wer ig Kops 


Fig. 2. 


the train loading. Under the A.R.E.A. specifications, loads W» are 
due to a uniform moving load of 700 lb. per lin. ft. Loads Ws; represent 
the panel loads on the bottom lateral system. Panel loads W, and Ws, 
under the A.R.E.A. specifications, are due respectively to uniform moving 
loads of 150 and 200 Ib. per ft. 

Loads W, of Fig. 2a cause stresses in all members of the top lateral 
system. These stresses may be determined by methods given in the 
preceding sections. The loads W; also cause stress in certain members 
in the main vertical trusses. From Fig. 2a it can be seen that the reac- 
tions for loads W, are supplied at the points of support for the main 
trusses, at A, A’, C.and C’. Hence the overturning effect of loads W, 
will cause reactions Ry, Ri’, R. and R,' which may be determined by 
taking moments about axes in the plane of the bottom laterals. In 
determining the values of these reactions, attention must be paid to the 
nature of the bracing in the plane of the end posts. In Art. 8 it is 
shown that when the end posts are fixed at their bases, a moment M, 
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exists at these points acting in the plane of the end posts. From Eq. (4), 
te 
p. 341, and Eq. (8), p. 342, M, = a (c — e), in which P = total load 


earried to supports by the portal bracing; and c and e = respectively the 
length of end post and the distance from top of portal to foot of portal 
bracing (see Fig. 8, p. 341). On taking moments about AC or A’C’ of 
Fig. 1 or Fig. 2 as an axis, we have 


_ Phi — 2M.(cos 8) 
b 


2h, — (¢ — e) cos 6] (1) 


Ry = lay 


Bei 
2b 


in which @ is the angle which the end post makes with the vertical and 
h, is the vertical distance between the top and bottom lateral trusses. 
For the direction of lateral forces shown in Fig. 2, Ry; and R,’ act as 
shown in Fig. 2a. These reactions cause a stress in the entire lower 
chord member of the main truss which is constant over the entire chord 
and equal to © 


So a [2h1 — (¢ — e) cos 6] tan 6 (2) 


This stress, which is known as the portal effect, is tension in A’C’ and com- 
pression in AC. In Art. 9, this same result is obtained by another 
method. When the portal frame is hinged at the base, or when full 
diagonal bracing may be employed in the plane of the end posts, as in 
the case of deck bridges, M, = 0, and Eqs. (1) and (2) become 

= ae Ss = 2 tan 6 

Loads W; of Fig. 2a cause stresses in all members of the lower lateral 
system. Since these loads are carried directly to the supports A, A’, C, 
and C’, they cause stress only in the members of the bottom lateral 
system. : 

The load W2, which acts on the side of the train, as shown in Figs. 2a 
and 2b, tends to cause an overturning of the entire bridge about a hori- 
zontal axis due to the fact that W. is applied eccentrically with respect 
to the main and lateral truss systems. In determining the effect of loads 
W; on the bridge, we may make use of a principle of statics which states 
that any force, as W2, may be resolved into an equal force Wz applied 
in any convenient plane parallel to the line of action of the original force, 
and a couple equal in magnitude to W2 times the distance between the 
criginal force and the selected plane. As shown in Fig. 2b, the loads W2 
may be assumed as transferred directly by the stringers and floorbeams 
to the plane of the lower lateral system. Hence, by placing in the plane 
of the lower lateral system two equal and cpposite forces Wz, we may 


Ry — Ry 
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resolve load W:2 into a horizontal force W: (shown by the dotted arrow) 
acting in the plane of the lower laterals and a couple of magnitude Weh, 
where h = distance from W,. to plane of lower laterals. This couple 
Wh is probably resisted jointly by the main and lateral trusses, since it 
acts on the structure as a whole. However, the main trusses are gener- 
ally more rigid than the lateral trusses, and it is therefore reasonable to 
assume that the couple W.A is resisted entirely by the main trusses. If 
the main trusses are placed at a distance 6 apart, as shown in Fig. 26, 
the effect of the couple Wh on the main trusses may be represented by a 


couple consisting of forces le acting in vertical planes at a distance b 
De 
apart. In Fig. 2b, a downward force Wo in the plane of the leeward truss 


h : : 
and an upward force Wey same as acting upward in the plane of the 


windward truss, therefore, represent the overturning action of load W». 
Similar loads are to be placed at each panel point of the main trusses. 

The loads determined above cause stresses in all members of the verti- 
cal trusses. On the leeward truss, these loads act downward, as shown 
in Fig. 2b. Hence the character of stress in any member is similar to that 
for any downward uniform load. On the windward truss, the loads 
act upward. Hence the stresses in the members of the windward truss 
are equal in magnitude to those in the leeward truss, but they are opposite 
in character. ; 

Similar methods of analysis apply with but slight modification to 
deck structures. 

4. Stresses in a Through Bridge Due to Lateral Forces.—In the 
preceding article it was shown that lateral forces cause stresses in members 
of both lateral systems and also, under certain conditions, in the members 
of the main trusses. In general, the stresses caused in members of the 
main trusses by lateral loads are small when compared to the stresses 
in the same member due to dead load, live load, and impact. However, 
it was noted that the lower chord members of the main trusses received 
stresses from lateral loads in three ways, as follows: (1) As chord members 
of the bottom lateral system. This is known as lateral truss effect; (2) 
as bottom chord members of the main truss due to the overturning effect 
of the wind on the train. This is known as overturning effect; and (3) 
a uniform stress along the entire chord member due to overturning effect 
of the lateral forces on the top laterals. This is known as portal effect. 
It should also be noted that for any given member, the three stresses 
mentioned above are alike in character, being tension for the lower chord 
of the leeward truss and compression for the windward truss. Hence for 
the leeward truss, all stresses in the lower chord member due to lateral 
forces are of the same character as the stresses due to vertical loading. 
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The sum of all lateral stresses may often be found to form an appreciable 
portion of the total stress in these members due to vertical and lateral 
loading. 

The conditions mentioned above are provided for by Art. 46 of the 
specifications of the A.R.E.A. in the following manner: 


Article 46. Members subjected to stresses produced by a combination of dead 
load, live load, impact and centrifugal force, with either lateral or longitudinal forces, or 
bending due to lateral action, may be proportioned for unit stresses 25 per cent greater 
than those specified in Art. 38; but the section shall not be less than that required for 
dead load, live load, impact and centrifugal force. 


Therefore, in designing main truss members, it is unnecessary to take 
into account any additional stresses in these members due to lateral forces 
unless these lateral stresses exceed 25 per cent of the stresses due to dead 
load, live load, and impact. It will generally be found that it will be 
necessary to calculate combined stresses due to vertical and lateral load- 
ing only for the chord members of the loaded chord. Lateral stresses 
in the chord members of the unloaded chord (top chord in a through 
bridge) and in all web members of the vertical trusses are generally 
much below 25 per cent of the stresses due to dead and live load. Since 
the web members of both top and bottom lateral have stresses due only 
to lateral forces, these stresses must be calculated in every case. The 
illustrative problem given below shows the general methods of procedure 
to be followed in calculating stresses due to lateral forces. 

It will sometimes be found that under certain live load conditions, 
the total compression in the chord members in the end panels of single 
track through bridges due to lateral forces may be so great that the 
tension due to dead and live load is reduced to a very small value, and may 
even be reversed to compression. The live loading under which this 
condition may exist is when a train of unloaded cars weighing about 2,400 
Ib. per ft. of bridge is standing motionless on the structure. Due to the 
light live loading and the absence of impact, the resulting live load stresses 
in the above mentioned chord members may be subject to reversal of 
stress. For this reason it is generally specified that the tension chord 
members in the end two panels shall be so constructed as to be capable 


of resisting compression. 


Illustrative Problem.—Assume a structure of the dimensions shown in Fig. 3 and 
assume that this structure is subjected to the loadings given below. Calculate (a) 
stresses in web members of top lateral system, (b) stresses in all members of the bottom 
lateral system, (c) stresses in lower chord members due to overturning effect, and (d) 
stresses in lower chord due to portal effect. Calculate also the stresses in lower chord 
members due to the given dead, live, and impact loadings, and compare these stresses 
with the total lateral load stresses for the same members. 

The assumed loadings are as follows: dead load, 1,200 lb. per ft. per truss; live load, 
3,000 Ib. per ft. per truss; impact, 59.1 per cent (according to Art. 28, specifications 
A.R.E.A.); wind load on top chord, 150 lb. per ft. of bridge; wind load on bottom 
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chord, 200 lb. per ft. of bridge; wind load on train, 700 lb. per ft. of bridge assumed as 
applied 8 ft. above top of rail. All wind loads to be considered as moving loads. 
Assume all lateral forces applied to the windward side of the bridge. | 

Stresses in Top Lateral Web Members.—Panel load = (24)(150) = 3,600 Ib. per 
panel. Assume diagonals take tension only. For the direction of lateral forces 
shown by the arrow, the form of the top lateral truss is shown by Fig. 3c. Using the 
conventional method of loading (see p. 91) shear in panel BC = 5,400 lb.; shear in 
panel CD = 1,800 Ib. Sec @ = as = 1.66. Stressin BC’ = (shear in BC) (sec 6) = 
(5,400) (1.66) = 8,950 lb. tension. Stress in CD’ = (2,700)(1.66) = 4,460 Ib. 
tension. Stress in CC’ = shear in panel BC = 5,400 Ib. compression. Stress in 
DD’ = joint load at D = 3,600 lb. compression. Stress in member BB’, which forms 
a part of the portal bracing, is determined by the methods given in Art. 8. 
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As a matter of interest, the chord stress in CD will be computed for lateral forces 
and for dead, live, and impact loads. For lateral forces, stress in CD = 3,600 [(34) 
(2) — 1]?44g = 9,600 lb. compression. For dead, live, and impact loading, the 
panel loads on the vertical truss are each [1,200 + 3,000 + (3,000) (59.1)]24 = 

143,500 Ib. 

Stress in CD = 143,500[(54)(3) — (1 + 2)]2445 = 485,000 lb. compression. 
Hence, stress due to lateral loading is only 1.98 per cent of stress due to vertical 
loading. 

Stresses in Members of Bottom Lateral System.—Total lateral load = (200 + 700) = 
900 Ib. per ft. Panel load = (900)(24) = 21,600 lb. Assume that web members 
take both tension and compression and that they are both in action, each taking one- 
half the shear on the section. To determine stress in any chord member, as be, Fig. 3b 
cut a section 1-1 through the intersection of the diagonals and take moments about Hi 
a point on b’c’ opposite the intersection of the diagonals. Since stresses in diagonals 
are equal but of opposite character, their moments about z are zero. Then stress in 


(No = 3° The calculations for chord stresses are as follows: 
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ab = 21,600 (32) (14)247g = 36,000 lb. compression; a/b’ = 36,000 lb. tension; 
be = 21,600[(54)(3g) — 44]?443 = 93,600 lb. compression; b’c’ = 93,600 lb. tension; 
ed = 21,600](54)(5g) — (46 + 34)244g = 122,500 lb. compression; c’d’ = 122,500 lb. 
tension. 

Using the conventional method of loading (see p. 91) the shears in the several 
panels of the bottom lateral System are as follows: ab = 54,000 Ib.; be = 36,000 lb.; 
ed = 21,600lb. Sec 6 = 1.66. Assuming that each member takes one-half the shear 
in the panel, the stresses in the diagonal web members for the direction of lateral 
forces shown by the arrow are as follows: 

ab’ = (34) (54,000) (1.66) = 44,600 Ib. tension; ba’ = 44,600 Ib. compression; 
be’ = (14)(36,000)(1.66) = 29,800 Ib. tension; cb’ = 29,800 Ib. compression; cd’ = 
(72) (21,600) (1.66) = 17,900 lb. tension; dc’ = 17,900 lb. compression. By the same 
method as used on p. 315 for the determination of stress in member Gg of the K-truss 
of Fig. 73, it can be shown that the stresses in bb’, cc’, and dd’ are each compression 
equal to one-half the joint load at b, c, and d, that is (14)(21,600) = 10,800 Ib. 
compression. 

Stresses in Lower Chord Members Due to Overturning Effect.—The lateral load 
tending to overturn the truss is 700 Ib. per ft. Hence panel load = (700) (24) = 
16,800 lb. This load is applied 8 ft. above top of rail. From Fig. 3a, top of rail is 
6 ft. above plane of lower laterals. Hence h of Fig. 22 =8+6 = 14 ft. Panel 


loads on vertical truss = Wat = (16,800)(1473) = 18,080 lb. The desired chord 


stresses may be determined from the values given in the table below for dead, live, and 
impact loading on the vertical truss by multiplying these stresses by the ratio of panel 
loads, which is ee The resulting stresses are given in the table below in the 
column headed Overturning Effect. 

Stresses in Lower Chord Due to Portal Effect—Use Eq. (2), p. 333 with P = (54) 
(3,600) = 9,000; = 18 ft.;hi = 32 ft.;c = 40ft. = length of end post aB; e'= 8 ft. = 
distance Bx, Fig. 3d; cos 6 = 3249 = 0.8; tan 9 = 244 = 0.75. Substituting these 
values in Eq. (2) we have 


(a el [64 — (32)(0.8)](0.75) = 7,200 Ib. 


Stresses in Lower Chord Due to Dead, Live and I mpact Loading.—As stated above: 
the panel load for dead, live and impact loading is 143,500 lb. Stresses in chord 
members are readily determined by the usual methods. ‘These stresses are given in 
the table below. 

Total Stresses in Chord Members Due to Combined Vertical and Lateral Loading.— 
The following table gives the stress in the lower chord member of the leeward truss as 
calculated above for lateral and vertical loading: 


. 


SL La | eT |S nS inSain immminssr=s=cr=cu 


Stress due to lateral 

Lateral Overturn- | Portal Pica otras | etnees cite ve EM, loading in per cent of 

Member ffect | i ffect effect due to lat- | L.L., and impact stress due to vertical 
piss eticrh (ing efter eral loading | on vertical truss c 

loading 

a/b! + 36,000 +24, 500 +7 , 200 -+ 67,700 +269 , 000 25.2 
(ans + 93,600 | +24,500 | +7,200 | +125,300 +269 , 000 46.6 
cd’ +122,500 | +39,200 | +7,200 +168 ,900 +430 ,000 39.3 


————— 


+ = tension 
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The percentages given in the last column of this table show that all chord 
members must be proportioned for the total stress due to lateral and vertical loadings 
subject to the requirements of the specification quoted on p. 335. 

Illustrative Problem.—Assume the same bridge and loadings as in the preceding 
problem except that the live and impact loading is replaced by a train of empty cars 
weighing 2,400 lb. per ft. of bridge. Determine the combined stress in the lower chord 
of the windward truss due to the revised loading. 

The stresses in the lower chord member of the windward truss due to lateral 
loading will be equal in amount but opposite in character to those found above. 
These stresses are as given in the table below. For dead and live load, the panel load 
for each truss is [1,200 + (14) (2,400)](24) = 57,600 lb. The stresses in the chord 
members are as given in the table. 


Se ee SSS 


Member Stress due to lateral loading Stress due to D.L. and Min.L .L. 
ab — 67,700 +108 , 000 
be —125,300 +108 , 000 
cd —168 , 900 +173 , 500 


a 


On comparing the values given in the above table we note that a reversal of stress 
occurs in member be. However, a wind pressure of 30 lb. per sq. ft., corresponding 
to a wind velocity of 100 miles per hr. represents extreme conditions which should 
be anticipated, but which rarely occur. 


5. Stresses in Deck Bridges Due to Lateral Forces.—Stresses in 
the members of the top and bottom lateral systems of deck bridges are 
determined by the same general methods as given in 


ee the preceding article for through bridges. In deter- 
: mining stresses in the vertical trusses due to over- 


y E41 Plane of top 
laterals 


turning effect of loads We, the panel loads Woy 
shown in Fig. 4, are determined for h measured from 
AL | the plane of the top laterals. Note that the stress 
5 | eae 2 in the top chord member of the windward truss is 
hore tension due to loads acting as shown in Fig. 4. The 
stress in this same member due to lateral forces on 
the train and on the top chord is found to be compression. Since these 
stresses are of opposite character, it will generally be found that the 
combined effect of all stresses due to lateral loading will give stresses 
in the top chord members of a deck truss which are less than 25 per cent 
of those due to vertical loading. 

In deck trusses, the end bracing may be provided by means of mem- 
bers subjected only to direct stress. The character of this bracing 
depends upon the manner in which the end supports are arranged. 
Figure 5 shows several common arrangements. In Fig. 5a the truss is 
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supported at A and the end bracing is placed in the plane of member Ab. 
In Fig. 50, the end bracing is placed in the plane of Aa and the structure 
is supported at a. In Fig. 5c the structure is also supported ata. Loads 
brought to point B from the top lateral system will be transferred to 
point a along the two paths BAa and Ba. Since path Ba can be made 
much more rigid than path BAa, it is reasonable to assume that all 
lateral loads reach the support at a by the path Ba and the main end 
bracing should be placed in the plane of member aB. Bracing should 


A A A 


) 


@) . (6) (¢) 
Pre. 5. 


also be provided in plane Aa which will transfer to a any load which may 
be applied at A. 

Figure 6a shows the type of end bracing which would be placed in 
the plane of Ab, Fig. 5a. In Fig. 6a, P = load brought to point 8, 
Fig. 5a by the lower lateral system. Two diagonals are shown in posi- 
tion in Fig. 6a. If these members are relatively long, it will be best to 
assume that they take tension only. For the conditions shown, member 
Ab’ is in action and its stress is P sec @. Stress in bb’ = joint load at b. 

In deck plate girder bridges bracing of the type shown in Fig 66 
is generally used. Since the diagonals 
are comparatively short, it is reason- 4 ke 
able to assume that both members act axl zg #8 
at the same time, one in tension and M4 
the other in compression. Each mem- ? VAN ‘ F 
ber is assumed to take one-half the hori- b 2 | 
zontal shear. Hence, stress in Ab’ = @) 6) 
14P sec 6, tension; stress in A’b = 146P eer 
sec 6, compression. For the assumed 
condition, the stress in 6b’ is equal to }44P compression. Figure 6b shows 
the type of bracing which would be used in the plane Aa of Fig. 6b or 
in the plane aB of Fig. 6c. The methods of analysis are the same as 
for Fig. 6a. : 

6. Lateral Trusses in Bridges with Curved Chords.—The lateral 
bracing in the plane of the curved chord does not lie in any one plane 
but in several planes. Any load applied to this lateral truss also causes 
stresses in the main trusses. An exact determination of these stresses 
is a difficult matter. However, these stresses in the main trusses are 
generally small and may be neglected. A correct determination of the 
stresses in the web members of the lateral system may be made by the 
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truss as flattened out into one plane. The panel lengths of the truss 
thus formed are unequal in length, being equal to the lengths of the 
corresponding top chord members. Panel loads may still be taken 
as equal in amount, and they may be determined by multiplying the 
specified load by the horizontal panel length. Stresses may be calcu- 
lated by the methods given in the preceding articles. 


PORTAL AND SWAY BRACING 


7. Form of Portal Bracing.—The general nature and object of 
portal bracing has been discussed on p. 330. Figure 7 shows a few of the 
forms in common use. The forms shown in Fig. 7a, b, and ¢ are used 
when rather shallow bracing must be used because of limited vertical 
clearance. Figure 7d shows a form which is used when very shallow 
bracing must be used. This type 
of bracing lacks rigidity and is 
applicable only to very small 


Anges 


\/ ‘J 


| trusses. The A-frame portal of 
@ ) a) Fig. 7e is a modified form of the 
Plate Girder Portal Lattice Fortal Portal with one shown in Fig. 7d. The por- 


Diagonal Bracing 


tal of Fig. 7e forms a very satis- 
factory portal for spans of from 


* 100 to 300ft. Figure 7f shows a 
form which may be used in double 
| track two truss spans. 
Soy @ 


e 8. General Methods for Deter- 

ee A-Frame Portal eek Bridge mining Stresses in Portal Brac- 

ing.—Stresses in portal frames 

may be determined by the same 

general methods as given in Art. 10, p. 203 for the determination of 

stresses in a truss with knee-braces. A few modifications will now be 

made in. the methods there given in order to take into account certain 
differences in the conditions existing in the two structures. 

Figure 8a shows a typical portal frame considered as a free body 
in space with all forces in position. Load P applied at B’ represents 
the load brought to the portal by the top lateral bracing. If it be 
assumed that the points of support, A and A’, are wholly or partially 
fixed, the forces acting at these points are as shown in Fig. 8a. Due to 
the action of these forces, the distortion of the vertical. members of the 
portal frame will be as shown, and the bending moment diagram for one 
of the posts is as shown to the left of Fig. 8a. 

Values of H, and Hs, the horizontal forces acting at A and A’ respec- 
tively, may be determined by the same assumptions as made on p. 204 


Ite, He 
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for the determination of similar values for a roof truss with knee-braces. 
We then have 


Ay = He == (1) 
To determine the values of the other forces acting at A and A’, 


assume the portal frame of Fig. 8a to be divided into two parts at the 
point of inflection. The parts above and below the point of inflection, 


Points of 
Inflection 


4 
hy 
N Xo 
ee ee 
8 
| 


End! View Side View 
) 


Fie. 8. 


assumed to be located a distance x, above the base of the portal, are 
shown in Figs. 8b and 8c respectively. From moments about C, Fig. 8b. 
AGS 


Vi = ear G oe (2) 


and from moments about C’, 
me Cee) 


Ve b 


(3) 
Note that V; and Vz» are equal in magnitude but they act in opposite 
directions. To determine M,, the moment at the foot of the end posts, 
take moments about A or A’, Fig. 8c. Neglecting the moment of Vi and 
V. due to the deflection of the end post, we have 


ie 


ee 4 
M, 9 Xe (4) 
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In the work to follow, M, of Eq. (4) will be called the overturning moment 
for the end post. 

Since the conditions for the two posts are equal, the moments at 
the foot of the posts are also equal, and are given by Hq. (4). On solving 
Eq. (4) for x, we have 
mous 
4 


(9) 


Lo 


Values of Vi and V2 may also be determined from moments about A 
or A’ of Fig. 8a, from which 


Reha Se (6) 
On substituting the value of M, given by Eq. (4) in Eq. (6), the latter 
takes the form given by Eqs. (2) or (8). 

The position of the points of inflection, C and C’ of Fig. 8a, depends 
on conditions existing at the foot of the end post. As shown in Fig. 8d 
the end post bears at points a and 6 on a pin which is supported by the 
main shoe. The axis of the pin lies in the plane of the portal. As 
shown in Fig. 8d, the end post is held on the pin by the force S which is 
the end post stress due to loads on the vertical trusses. In general, 
the stress S should be calculated for minimum loading conditions on the 
vertical trusses which occur at the time the lateral forces acting on the 
top chord are a maximum. This condition will generally be found to 
occur when the dead load only is acting on the main trusses. Any force 


fit Oe : 
9 acting on the side of the end post tends to overturn the post by causing 


one of the supports to raise from the pin. This overturning is resisted 
by the moment of stress S about a or 6. If Me = resisting moment 
against overturning, we have 


Mr = }4Sf (7) 


in which f = distance between points of bearing on the pin. 

If M., the overturning moment on the end post as given by Eq. (4), 
is less than Mz, the resisting moment as given by Eq. (7), the post 
may be considered as fixed at the base. When the post is fixed at the 
base, it can be shown that the point of inflection is located half-way 
between points A and # of Fig. 8a. Hence, for a post with fixed ends 


Lo = (ce — e) (8) 


On substituting x, from Eq. (8) in the above formulas, their values for 
fixed end conditions may be determined. 

If in any case M, is greater than Mz, the base of the post cannot 
be assumed as fixed. The moment developed at the foot of the post under 
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such conditions cannot exceed Mp. To locate the point of inflection 
when the post may not be assumed as fixed, replace M, of Eq. (5) by 
Me and solve for x. The value of x, thus obtained is to be used in 
the above formulas. 

The procedure to be adopted in determining stresses in any portal is 
as follows: Assume first that the end posts are fixed at the base and 
assume that the point of inflection is located half way between points 
A and E of Fig. 8a. Calculate values of M, from Eq. (4) and Mz from 
Kq. (7). Hf Me is greater than M,, the assumed position of the point of 
inflection is correct. Remove the portion of the portal above the points 
of inflection, as shown in Fig. 8b and proceed with the calculations as 
outlined in the following articles. If Mz is less than M,, substitute the 
calculated value of Mz in Eq. (5) and determine the true position of the 
inflection points. Proceed as before to analyze the portion of the portal 
above the points of inflection. 

When the connection at the foot of the end posts is arranged so that 
no resisting moment can be developed, the portal may be assumed as 
hinged at the base. Under such conditions, the points of inflection may 
be regarded as located at the base of the portal and the calculation of 
stress made on that assumption. Such cases will seldom be encountered 
in practice. 

The end posts in a portal frame of the type shown in Fig. 8 are sub- 
jected to moment, shear, and direct stress. Let « = distance from base 
of portal to any point, as shown in Fig. 8a. For the conditions shown, 
the moment at this point is 


Ne = M, = é x (9) 
Equation (9) holds for values of x from zero, at A’, to c-e at HE’. Onsub- 
stituting the value of M, given by Eq. (4) we have 


lg 


M, = 9 (ee = x) (10) 


The moment diagram represented by Eqs. (9) and (10) is of the form 
shown to the left of Fig. 8a. When the base of the portal is fixed, Mz 
and M, are equal; when the base is partially fixed, Mz is greater than M4. 

The total direct stress in the end post below point H’ is found by com- 
bining the stress in the end post due to loading on the main vertical 
trusses and the value of V: as given by Eq. (2). Note that both stresses 
are compression for the leeward post. For the windward post V2 is 
tension. Above point EH, the stress in the end post depends upon the 
form of portal bracing. These stresses will be considered in detail for 
various types of portals in the articles which follow. 
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The shear at any point in the end post is generally so small that it 
never affects the design of the end post member. From A’ to H’, Fig. 8a, 


the shear is equal to = Above EH’, the value of the shear depends upon 


the arrangement of portal bracing adopted. 

Maximum combined stresses in the end post, considered as a part of 
the portal frame, are generally determined with respect to moment and 
direct stress, the shear being neglected. The maximum fiber stress due 
to bending and direct stress will be found to occur on the inner edge of 
the leeward post at point H’. As stated in the discussion given above, 
the direct stress due to loads on the vertical truss and to V,, the portal 
reaction at A’, are both compression. From the character of the defor- 
mations shown in Fig. 88, it is evident that the bending stress on the inner 
edge of the post at H’ is also compression. Hence the maximum com- 
bined fiber stress occurs at the point mentioned above. 

8a. Stresses in the Plate Girder Portal——F igure 9 shows the 
portion of a plate girder portal which lies above the points of inflection, 
located by the methods given in the preceding article. Let c, = distance 
from top of portal to point of inflection. 

The reactions at the supports may be determined from the formulas 
given in the preceding article. From Eq. (1) 


Ny 
Hy = Hy a 
From Eqs. (2) and (3), noting that (ec — x.) = c, we have 
a = PC, 
Vyv=Ve= Vi 


These reactions are shown in position on Fig. 9a. Values of V; and V> 
may also be obtained from moments about C and C’ of Fig. 9a. Thus, 
Vib — Pe, = 0, from which 

126. 


———— 


b 


Bending moments in the posts are a maximum at E’ and EB. These 


12 
moments are Mz = My = 9 (C1 —e). At the foot and top of the posts 


the moments are zero. The variation in moment is as shown in the | 
moment diagram on the left of Fig. 9a. The direct stress in the posts 


due to load P is equal to V; = fee compression for the leeward post and 


C : 5 
V, = — tension for the windward post. The direct stress diagram tothe 
b £ 


left of Fig. 9a shows the variation in direct stress from C’ to E’. Note 
that the stress is constant. Above point H’ the direct stress is taken up 


Sec. 4-8a] LATERAL TRUSSES AND PORTAL BRACING 345 


by the shear at the junction between the end post and the web, becoming 
zero at the top of the post. The direct stress diagram above LH’ is not 
shown; it depends upon the assumptions made regarding the variation in 
shear across the web. 

Maximum fiber stress due to bending and direct stress occurs on the 
inside edge of the leeward post at H’. The direct stress includes V; and 
the end post stress in the main truss due to dead and live load. Fiber 
stresses due to direct stress and bending are all compressive at this 
point, as stated in the preceding article. 

The internal stresses in the plate girder connecting the two posts 
will be determined on the assumption that the web plate takes all of the 
shear and that the angles forming the flanges carry all of the moment. 


Stress 


2 Lio =, Se 
d * Upper tlonge Ee +6) 
S155 
— Pp, 
Pat. oe 
i= Lower “ange ree 


+h AMS cal 


ee 
Direct Bending 
Stress Moment 
Diagram Diagram 


Fie. 9. 


To determine these internal stresses, cut a section 1-1 distance x from the 
leeward post and consider the portion to the left of this section, which is 
shown in Fig. 9). Let F; and Ff, = stresses in top and bottom flange 
respectively, and let V = shear onsection. Fromasummation of vertical 
forces 
Poy 


Ve2=Vi= b 


Since V is independent of , the shear is constant across the whole beam. 
Values of the flange stresses may be derived from moments about 
section 1-1. To determine stress in the upper flange, take moments 
about F, at section 1-1, from which 
tks 1p 
aE Se =O + Fie =0 
Solving for F; we have S ms 
et aoe 11 
a eae) 3 a) 


346 STRESSES IN FRAMED STRUCTURES [Sec. 4-8a 


The variation in stress across the upper flange may be determined by 
substituting particular values of z in Eq. (11). At B’, where x = 0, 


eo ae (12) 


Since ¢ is less than c,, the upper flange stress at B’ is tension. At B, the 
right end of the upper flange, x = b, and we have 


pee = Ge (13) 


The minus sign indicates that the flange stress at} B is compression. 
Since x appears in Eq. (11) in the first power, the variation in stress 
across the flange is represented by a straight line, as shown above Fig. 


b EB 
9a. At the center of the flange, where + = we find that Fy = = 5 


the minus sign again denoting compression. 
The stress in the lower flange is given by moments about F at section 
1-1, from which 


er Po b 
At E’, where x = 0 
Pe 5 
ff, = Qe Compression. (15) 
and at H, where x = b 
= IPCs 9 
n= a tension. (16) 


The variation in stress across the flange is shown above Fig. 9a. At 


the center of the flange, where x = 5, F2 = 0. In designing portals of 


b 

A 2 
this type, upper and lower flange sections are generally made of the same 
size, using the stress given by Eq. (13). 

Portals of this type are sometimes provided with brackets attached to 
the lower flange and the end posts, as shown in Fig. 7a. In determining 
stresses the presence of these brackets is usually disregarded and the 
stresses determined as above. If. the brackets are very rigid it is reason- 
able to assume that the section of maximum moment in the end posts 
occurs at the foot of the brackets instead of at the lower flange. 


Illustrative Problem.—Assume that the truss of Fig. 3, p. 336 is supplied with a 
plate girder portal of the form and dimensions shown in Fig. 10a. Using the loadings 
given in the problem on p. 335, calculate the flange stresses at the four corners of the 
plate girder, and calculate also the maximum bending moment and direct stress in the 
leeward end post. 
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The method of procedure to be adopted in the solution of problems of this nature 
has been outlined on p. 343. Assume first that the point of inflection is located half- 
way between A and # of Fig. 10a. Then x = 4(40 — 6) =17ft. The panel load 
at each top chord joint of Fig. 3 is (150)(24) = 3,600 lb. Hence the load P to be 
carried by the portal is (54)(3,600) = 9,000 lb. Substituting these values of x and 


; iB 
P in Eq. (4), we have M, = ato = (46)(9,000)(17) = 76,500 lb. The resisting 


moment must be determined for the most unfavorable loading conditions existing on 
the main truss. Since the top chord lateral loadings are independent of the live load, 
the end post stress is to be determined for dead load only. Assumed dead load = 
1,200 lb. per ft. per truss. Panel load = (24)(1,200) = 28,800 lb. Stress in end 
post of Fig. 3 = S = (54)(28,800)(54) = 90,000 lb. compression. Assume points 
of support on pin (f of Fig. 8d) = 18 in. Then from Eq. (7) Me = Sf = 
(44) (90,000) (84 2) = 67,500 ft.-lb. The post is not fixed as assumed, as M, is greater 
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than Mr. To determine the true location of the point of inflection, use Eq. (5), 


replacing M, with Me = 67,500, and with P =9,000. Then x = S = 
Oe = 15 ft. The true point of inflection is therefore 15 ft. above the base 
? 


of the post, or (40 — 15) = 25 ft. below the top. Figure 106 shows the dimensions of 


the portal to be analyzed. 
To determine the flange stress at B, Fig. 10b, use Eq. (13) with P = 9,000; c: = 
25 ft.;3 ande =6ft. Then 


_ 9,000 


Fy, = 2+(25 + 6) = 23,250 lb. compression. 
The stress at B’ is given by Eq. (12), from which 
9,000 ; 
F, = 2 | (25 — 6) = 14,250 lb. tension. 
SENG 
Stresses in the lower flange are given by Eqs. (15) and (16), from which 
Py = Sa = 18,750 lb. compression at H’ and tension at H, 


The stresses in the flanges may also be determined directly by cutting sections 
close to the posts and taking moments. Figure 10d shows a section taken close to the 
windward post. To determine 71, take moments about E, and we have —(19) 
(4,500) — (9,000)(6) + F716 = 0 from which F; = 23,250 lb. as before. Values of 
the remaining forces may be determined in a similar manner. 

The maximum bending moment in the end post occurs at point B’, From Fig. 
108, 

My = (4,500)(25—6) = 85,500 ft.-lb, 
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This moment may also be determined from Eq. (10) with x, = 15, and x = (40 —6) = 
34, from which Mz = (4,500)(34 — 15) = 85,500 ft.-lb. The maximum direct stress 
in the end post must include the effect of dead, live, and impact loading on the main 
truss. From the problem on p. 335, the total panel load on the vertical trusses is 
143,500 lb. Hence, stress in end post, Fig. 8, = (143,500)(54)(54) = 448,500 Ib. 


‘ 9,000) (25 
From Eq. (2) or from moments about C, Fig. 106, Vi = es = PANO) Moy 


‘Therefore total direct stress in end post = 448,500 + 12,500 = 461,000 lb. 
compression. 


8b. Stresses in the Lattice Portal—sStresses in the lattice 

portal of Fig. 11 are determined by the same methods as used in 
the preceding article. To determine the stresses in the diagonal web 
members, cut any section 1-1 through the intersection of the diagonals 
whose stress is desired. Let D; and Dz 


cae ae indicate the stresses in these members. 
Bit fhe {8 tee Assuming the shear on section 1-1 as 
: a NZ distributed equally between the members 
v alle 4 “|” cut by the section, we have 
| 
NEY 
f+ F—+'c a fc D, = Da». = oie sec 0 (17) 
Fe ib Gy P¥ 
ite a Stress D; is tension and D, is com- 
ane P pression. The portal of Fig. 7b is so 
( arranged that four diagonals are cut by 
eres 


any section. If n = number of diag- 
onals cut by any section, as 1-1 Fig. 11, Eq. (17) may be written in the 
form 


Pe 
D= nb see 6 (18) 


The members sloping in one direction will be in tension, and those sloping 
in the other direction will be in compression. Since the shear is con- 
stant across the entire portal, the stresses in all diagonals will be equal. 

To determine the stresses in the flanges of the portal of Fig. 11, cut 
a vertical section 1-1 through the intersection of the diagonals, as shown 
in Fig. 116. Since the stresses in the diagonals cut by section 1-1 are 
equal but of opposite character, their moments about any point will be 
zero. For stress Fi, take moments about F. at its intersection with 
section 1-1. The resulting expression is the same as given by Kq. (11). 
In the same manner, the stress in F, is the same as given by Eq. (14). 
For the form of portal shown in Fig. 11, the least value of 21 1s 2 and the 
maximum value is 76, as shown for section 2-2. Maximum stress in the 
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flange occurs in the top flange at section 2-2. With x1, = 7b, we have 
from Eq. (11), 


p 
F, SS gel 3C1 ae 4e) (19) 


This stress is compression. Maximum stress in the lower flange occurs 
at either section 1-1 or section 2-2. For section 1-1 with x, = ib, 
Eq. (14) gives 

Lb, oer 


Be 8e 


(20) 


At section 1-1, Ff. is compression and at section 
2-2, F, has the value given by Eq. (20) but the 
stress is tension. 

Moment shear and direct stress in the posts 
are the same as given in the preceding article. 


Illustrative Problem.—Assume that the truss of Fig. 
3, p. 336 is constructed with a portal of the form and 
dimensions shown in Fig. 12. Calculate the maximum 
top and bottom flange stresses and the stresses in the 
diagonal members for the loadings given in the problem 


on p. 335, : F a 
Since the loadings and over all portal dimensions are pir res 
the same as for the problem on p. 346, the points of Fie. 12. 
inflection will again be located 15 ft. above the base of 
the portal, as shown in Fig. 12. Then c; = 25 ft. Load P=9,000 lb. 
The stresses in the diagonals may be obtained from Eq. (17) or from Eq. (18) with 
ff 
n =2. For the dimensions shown in Fig. 12, sec @ = BE = cy = 1°25, Then; 


EB’ 6 
stress in B/F = ay 125) = 7,820 lb. compression. Stress in E’G = 7,820 


lb. tension. Stresses in other diagonals are the same as for those given. 

To determine the maximum lower chord flange stress consider forces acting cn 
section 1-1, Fig. 12, or use Eq. (20). From Hq. (20) 

(3)(9,000)(25) : 
F,= = 1 4,060 lb. compression. 
: (8)(6) 5 

Maximum stress in top flange may be determined from moments on section 2-2, Fig. 
12, or from Eq. (19). Thus 
_ (9,000) 

(8)(6) 


Note that Eqs. (17), (19) and (20) apply only to the form of portal bracing shown in 
Fig. 11. 


F, [(3)(25) + (4)(6)] = 18,5601b. compression. 


8c. Stresses in a Portal with Diagonal Bracing.—Figure 13 
shows the portion of the portal above the points of inflection. Two 
diagonals are usually provided, each capable of taking tension only. 
For the direction of lateral force shown in Fig. 13, the full line member 
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B’'E is in action and the dotted member BL’ is inactive. When P is 
applied at B’, acting to the right, the action of the diagonals is reversed. 
The reactions at the points of inflection are as shown in Fig. 13a. 

To determine the stresses in the portal members, cut a section 1-1 
and remove the portion of the struc- 
ture to the left of this section, which 


<SL is shown in Fig. 13b. From a sum- 
call mation of vertical forces, 
ae pees Sa = pa sec 0 = na) tension. (21) 


b be 


From moments about E, 


= 5 (c +e) compression. (22) 


and from moments about B’, 


S3; = 5 compression. (23) 


The bending stresses in the posts are the same as for the portal 
of Art. 8a. For the leeward post, the direct stress due to load P is 

: Ve : . 
uniform from C’ to B’ and equal to =e compression. For the windward 


: ; : Ie 
post, the direct stress from EF to C is tension equal to ae - Above E, 


the direct stress is zero. The shear in both the posts from the base 


: P. 
to the lower edge of the portal is equal to 3 In the leeward post from 


sual ; ; . 

E’ to B’, the shear is 9 — Stress in IOUS, oe — 2): Since ci is always 
greater than e, the shear above E’ is opposite in : 

character to that below #’. In the windward post Al eo 69000" 
from B to EH, the shear is P — stress in B/B = '| 


ees 


ie 
5(1 — =) the same as for the leeward column. 


Illustrative Problem.—Assume that the truss of Fig. C| Paints of 
3 is constructed with a portal of the form and dimen- 
sions shown in Fig. 14. Calculate the stresses in BB’, 
B’EH, and HE’ for the loadings given in the problem 
on p. 3385. A A 

Since the loadings and over all portal dimensions are 
the same as for the problem on p. 346, the points of inflec- 
tion will again be located 15 ft. above the base of the 
portal, as shown in Fig. 14. Then c; = 25 ft. Load P = 9,000 lb. For the dimen- 
sions shown on Fig. 14, f = length of B’E = 18.9 ft. 


--G--->+--- 


c 


Hie. 14: 


Sec. 4-8d] LATERAL TRUSSES AND PORTAL BRACING 351 


From Eq. (21) 


Stress in B’/H = (9,000)(25)(18.9) 


= 39,400 lb. tension. 


(18)(6) 
From Eq. (22) 
Stress in BB’ = Cee 25 + 6) = 23,250 lb. compression. 


From Eq. (23) 
(9,000) 


Stress in HH’ = (2)(6) 


(25) = 18,750 lb. compression. 


8d. Stresses in a Knee-braced Portal.—Figure 15 shows the 
portion of a knee-braced portal frame which lies above the points of 


fe 


Se —L/6_, Shear 
read — bilge) Diagram 
Ef) 4 Direct 
ECE a —— Fe, oS; 
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Pie Mor BANG FE 
7] 
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50058 aie ao 
Fo, 
£(e-l Ee | Me Bor cin 2 
et egies ‘4 
i 
b~ fe £5 
P e 
ae ee 
ale ie en 
Cm Oe 
Shear Direct Moment Joint E 
Stress @) 


Fia. 15. 


inflection. Member BB’ and the end posts form continuous members 
which are subjected to moment, shear, and direct stress. Members HF 
and H’F’, the knee-braces, are subjected only to direct stress. In deter- 
mining stresses in the members of this portal, it is generally assumed that 
the end posts are connected to member BB’ by means of hinges at B and 
B’, and that HF and E’F’ are hinged to the sides of the other members, 
which are continuous over these points of attachment. The reactions at 
C and C’ are the same as for the portals analyzed in the preceding articles. 

To determine the stress in EF, pass a section 1-1 through point B 
and remove the portion of the frame which lies to the right of this section, 
as shown in Fig. 15b. Since BB’ and BC are hinged at B, the moment 
at this point is known to be zero, Placing equal to zero a moment 
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EC eae 
equation for point B, Fig. 15b, we find that S; = aa But from similar 


triangles in Figs. 15a and b, r = a - Hence 


Stress in FH = Led tension. (24) 
2ea 

The stress in E’F’ is equal in magnitude but opposite in kind to that in EF. 
Moments, shears and direct stresses in the end posts below H# and E’ 
are the same as for the portals considered in the preceding articles. 
The variation in moment is shown by the diagram to the left of the 
leeward post. The moment diagram for the windward post is exactly the 
same. ‘To determine the direct stress in the leeward post above joint 
E’, consider vertical components of forces acting on joint Z’ as shown 


; P 
in Fig. 15c, from which S; — S; cos 6 + = 0. Hence 


Se = Sy cos @ — PG: = BG b 1) 


b Ne (25) 


: : ; : b : 
S2 is tension, since a is always less than 9° Below E’, the direct stress 


: ed i : ’ , 
in the post is a compression. The direct stress diagram to the left 


of the leeward post in Fig. 15a shows the variation in direct stress for the 
leeward post. In the same manner, the direct stress in EB, as given by 
summation of vertical forces in Fig. 15d is S; = pees x _ 1). The 
minus sign indicates compression. It is to be noted that if a is less than 
7 the compression in BH will exceed the compression in H’C’, 


The shear in the leeward post above joint H’ may be determined from 
a summation of horizontal forces in Fig. 15c, from which 
Vip Seige 2 1) 


ape = (26) 


Rie, C1, : 

Since a 1s greater than unity, the shear above point E’ acts as shown in 
: sane : 

Fig. 15c. Below H’, the shearis > acting as shown by the horizontal force 


tithe weet : 
9 in Fig. 15c. The complete shear diagram is shown to the left of the 


leeward post in Fig. 15a. Shears for the windward post have the same 
values as for the leeward post. 

The stresses in the upper member BB’ may be determined by remoy- 
ing this member from the frame and indicating all forces acting on the 
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member. Figure 15¢ shows all forces acting on member BB’. The hori- 
zontal and vertical loads at B’ are the shear and direct stress, respectively, 
in B’E’. At B, the vertical force is the direct stress in BE; one horizontal 
force is the shear in BE and the other is the load P. The forces at F and 
F’ are the vertical and horizontal components of the stress in the 
knee-braces. 

The moment at F of member BB’ for the conditions shown on Fig. 15e 


m= F(h 1p =F8--) 


is 


Hence 


Pod 
1208 
It can readily be seen that the moment at F’ is equal to that at F, but is 
negative. Since BB’ is assumed as hinged at the ends, moments at B 
and B’ are zero. These moments are plotted to form the moment dia- 
gram of Fig. 15e. Note that the moment is zero at the center of BB’. 

The direct stress in BB’ can readily be determined by considering 
summations of horizontal forces acting on the several parts of the mem- 
ber. From B’ to F’, 


; (Oye 
IGMP 
Stress in B’F’ = + 3 (2 = 1) (28) 


My — oF (27) 


The plus sign indicates tension. 
From F’ to F, 


6 ! Lis Ca os A ah ieet 
Stress in / i — 5 (2 1) S, sin 6 = 


ig 
3 (29) 


The minus sign indicates compression. 
From B to F, 


Stress in BF = -[F(4 ~ 1) +P| = -5(3 +1) (30) 


The minus sign indicates compression. These stresses are plotted to 
form the direct stress diagram of Fig. 15e. 

The shears in the several parts of BB’ may be determined from a 
summation of vertical forces for the conditions shown on Fig. 15e. For 
BE. 

Shear in B’F’ = ———(=— — 1) (31) 


This shear is negative, since the vertical force at B’ acts downward. 
For F’F, 


; Po; b 
/ —— — —__—__ ee, — 
Shear in F’F = Gr 1) + S, cos 6 
Po 


el ee (32) 
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This shear is positive, as indicated by the sign of Hq. (82). 
For FB, 


[Sec. 4-8d 


Shear in FB = == = - 1) + 8, cos 6 — S; cos 8 
er/a0 
men) cy 
Ra This shear is also negative. The variation in 
pce ce ooco* shear is as shown in the shear diagram of 
TRE Fig. 15e. 
B c 


inflection —7* 


on p. 335. 


RVR se ee 


; Illustrative Problem.—Assume that the truss of Fig. 

3 is constructed with a portal of the form and dimen- 
Cc sions shown in Fig. 16. Calculate the stress in FH 
and F’EH’ and the moment, direct stress and shear in 
member B’B due to the loadings given in the problem 


A Since the loadings and over all portal dimensions 


Fie. 16. are the same as for the problem on p. 346, the points 
of inflection will again be located 15 ft. above the base 


of the portal, as shown in Fig. 16. Then c; = 25 ft. Load P = 9,000 lb. 


For the dimensions shown on Fig. 16, the stress in FH, as given by Eq. (24), is 


(9,000)(25)(8.5) 
(2)(6)(6) 


FE = 26,600 lb. tension. 


Stress in F’H’ = 26,600 lb. compression. 
The moments in B’B, as given by Hq. (27), are as follows: 


(9,000)(25)(6) 


tt CS) 


= 37,500 ft.-lb. 


At F’, Mr = — 87,500 ft.-lb. 


The direct stresses in B’B, as given by Eqs. (28), (29) and (30), are as follows: 


BF = +e (2 = 1) = 14,2501b. tension. 


PR = -4 = 4,500 lb. compression. 
and 
9,000) / 25 
BF = — oe ( + 1) = 23,250 lb. compression. 


The shears in B’B, as given by Eqs. (31), (82) and (33), are as follows: 


mr — — (9,000)(25) (18 ¥ 
one 18 ae 1) = —6,250 lb. 
ee eS = +12,500 Ib. 


FB = B'F’ = —6,250 Ib, 
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8e. Stresses in an A-frame Portal.—The stresses in the A- 
frame portal shown in Fig. 7e may be determined as a special case of 
the knee-braced portal of Fig. 7d. It can be seen from these figures that 
if the knee-braces of Fig. 7d are so arranged as 
to meet at a point, the full line portal of Fig. 7e 
will be obtained. Hence by placing d = 0 and 
a= 2 in the equations of the preceding article, 
the desired stresses for the A-frame portal may 
be determined. 

Figure 17 shows the portion of the portal under 11 
consideration which lies above the points of inflec-  * 
tion. To determine the stress in FE, place a = 


-----9 ------ 


3 in Eq. (24), and we have 


Pew 
é 


j tension (84) 


Stressin FE = 
Stress in FE’ is equal in amount but is compression. 
The direct stresses in B’E’ and BE, the upper ends of the end posts, 


nha OMe 
are found to be zero, for on stubstituting a = 9 in Hq. (25) a zero value 


results. The shears in these portions of the posts are unchanged, as 
Eq. (26) for B’E’ and the corresponding value for BE do not contain a. 
The moment and shear in the upper member B’FB reduce to zero, 


for on substituting d = 0 in Eq. (27) and a = : in Eqs. (31) and (33), 


ys these equations reduce to zero. Member B’FB 
ciel Poe is therefore subjected to direct stress only. It 

will be found that Eqs. (28) and (30) give di- 
e-10! rectly the desired stresses in B’F'B. We then 
ere have 


L, 
#2 Stress in B’/F = + -(2 — 1) (35) 


Bm 


and 


Srewleciees 


be 
se 
oy 


Stress in BF = — De oe 1) (36) 


The plus sign in Eq. (35) indicates tension and 
the minus sign in Eq.(36)indicates compression. 


Fie. 18. 


Illustrative Problem.—Assume that the truss of Fig. 3 is constructed with a portal 
of the form and dimensions shown in Fig. 18. Calculate the stresses in BF, B’?, 
FE and FE’ due to the loadings given in the problem on p. 335. 

Since a change has been made in the depth of the portal bracing, it will be necessary 
to locate the points of inflection. On p. 347 the dead load stress in the end post is 


356 STRESSES IN FRAMED STRUCTURES [Sec. 4-9 


given as 90,000 lb. Assume in this case that the points of support on the pin are 2 ft. 
apart. Then from Eq. (7), Mr = (24)(90,000)(2) = 90,000 ft.-lb. Assuming that 
the point of inflection is located half-way between A and E of Fig. 18, we have x, = 
15 ft. From Eq. (4), M. = (24)(9,000)(15) = 67,500 ft.-lb. Hence the portal is 
fixed at the base, since M, is less than Mp. The points of inflection are located at Of, 
15 ft. above the base as shown in Fig. 18, and the effective height of the portal frame is 
the same as before. 
From Eq. (34) 
(9,000)(25)(13.5) 
(18)(10) 
Stress in FZ’ = 16,900 lb. compression. 
From Eq. (35), 
Stress in B’F 
From Eq. (36) 
Stress in BF = (44) (9,000) (2549 +1) = 15,750 lb. compression. 


FE = 


= 16,900 Ib. tension . 


I] 


(14)(9,000) (2549 — 1) = 6,750 lb. tension. 


9. Determination of Portal Effect.—In Art. 4 it was shown that the 
overturning effect of lateral loads on the top lateral system produced a 
stress in the lower chords of the main truss. This 
stress was called the portal effect. 

Stresses due to portal effect may also be deter- 


mined from a consideration of the direct stresses act- 
g ing at the base of the portal frame. The loads V, and 
—~£ V2 which act at the foot of the portal are transferred | 
“Ballers to the abutments through the main shoes. At the 
a roller end, the vertical component of Vi, indicated by 
f, in Fig. 19, is taken by the supports. The horizontal 
component of V; cannot be taken by the rollers, but must be transferred 
by the lower chord to the fixed end of the truss. This causes a uniform 
stress which is 


Fie. 19. 


P.K. = V, sin@ = ae sin 6 (37) 
On the leeward side of the main truss, P.E. is tension and on the wind- 
ward side P.E. is compression. 


Illustrative Problem.—Calculate the portal effect for the truss of Fig. 3, using the 
method of this article. Assume the portal to be fixed at the base. 

For the data given in the problem of Art. 4, P = 9,000 lb.; c, = 24 ft.; b = 18 ft.; 
and sin 6 = 244) = 0.6. Then from Eq. (37) 


pp, = (9,000)(24) 


ig 0:6) = 7,2001b. 


This checks the value given in the table on p. 337, 


10. Skew Portals.—Figure 20 shows a skew portal and a portion of 
the end of the main truss and the lateral systems. The load P brought 
to the portal by the top lateral system may be resolved into the compo- 
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nents P sec a and P tan a. The former is the load to be carried by the 
portal, as shown in Fig. 20b, and the latter force causes additional stresses 
in the top chord members. 

The reactions at the base of the portal may be assumed to act as shown 


in Fig. 20b. Then H; = H; = WP sec a, and Vi = V2 = (P sec a). 
The portal effect for this case is P.E. = V; sin 6+ H; sin a. 


/ 


her WO 
OS 2 


11. Stresses in Sway Bracing.—The object of sway bracing is to 
stiffen the structure against lateral vibrations. It is generally con- 
structed from the minimum sizes of rolled sections with the maximum 
slenderness ratios for compression members which are allowable under 
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Fig. 21. Fia. 22. 


good specifications. Sway bracing proportioned in this manner will be 
found to answer the purpose for which it is intended. 

Stresses in sway bracing are in general statically indeterminate, for 
as stated on p. 330, sway bracing is added to a structure which is already 
stable. Hence, in determining stresses in sway bracing, the relative flexi- 
bility of all parts of the span must be taken into consideration. 

Figures 21a and b show typical forms of sway bracing for through and 
‘ deck bridges respectively. If the upper and lower lateral trusses are 

17 


358 STRESSES IN FRAMED ST RUCTURES [Sec. 4-11 


subjected to full loading, and if the relative rigidities of the two systems 
are equal, the horizontal deflection of points A and B will be equal. 
Hence the sway bracing will be unstressed. When the live load is not on 
the structure, the lower chord in the through bridge of Fig. 21a is sub- 
jected to about one-third of its maximum load while the top chord is 
fully loaded. If the relative rigidities of the two lateral systems are 
equal, their horizontal deflections will not be equal. This will cause dis- 
tortion of the sway bracing and a portion of the load on the top lateral 
system will be transferred to the lower lateral system, causing stresses in 
the sway bracing. The amount of load thus transferred depends upon 
the relative flexibility of the several truss systems under the given load- 
ing. It is reasonable to assume that one-half the lateral load may be so 
transferred, and the sway bracing may be designed accordingly, using 
the same methods as given in the preceding articles for portal frames. 
A similar analysis may also be applied to the sway bracing shown in Fig. 
210. 

Some specifications require the sway bracing in double track struc- 
tures to be designed to equalize the eccentric effect of liveload on one track 
so that the deflections of the two main trusses shall be equal. Figure 
22 shows a double track deck bridge with a load W representing the load 


on one track. The floorbeam reaction at A is ¥G + 2) and at B, the 


. Wd 
load is + — e). Hence the excess of load at A over that at B is aes 


which is shown in position at A, Fig. 22. Assuming tension diagonals, 
aB must transfer half this load to B, and its stress will be & sec@. How- 


ever, in order that aB may receive this stress, it is necessary that the 
lateral bracing in the planes ab and AB must be able to transfer to the 
abutments the forces S, (horizontal component of stress in aB) and 
similar forces at other joints, without causing unequal distortions of the 
lateral systems. This condition is seldom realized and as a result, the 
amount of load transferred by aB to the other truss is less than one- -half, 
as assumed. The exact amount can be determined by the general 
methods given in the chapter on Stresses in Redundant Members. 


SECTION 5 


DEFLECTION OF TRUSSES, REDUNDANT MEMBERS AND 
SECONDARY STRESSES 


DEFLECTION OF TRUSSES 


By Cuas. A. Evuis 


1. General Considerations.—The deflection of a truss is the result 
of changes in length of members or distances between panel points, 
whether caused by strains, temperature, errors in the lengths of members 
during fabrication, or play between the pins and pin-holes. The treat- 
ment in all cases is the same after the changes in length have been 
determined. 

The stress in any member of a truss under the influence of external 
forces is accompanied by a corresponding strain or change in length 
of the member. The strains which the various members experience when 
under stress, cooperate in a general distortion of the truss, somewhat 
after the manner illustrated in Fig. 1. The full lines represent the 
configuration of the truss when the members are under no strain. When 
loads are applied gradually at B, C and G, the truss undergoes a gradual 
distortion, and finally conforms to the shape indicated by the dotted 
lines, when the loads have reached their full magnitudes, Pi, P2 and Ps. 
The dotted outline gives an exaggerated idea of the distortion which may 
be expected in any practical problem. 

The first step in finding the movement or displacement of any point 
in a truss subjected to any set of applied loads is the determination 
of the strain or deformation of each member subjected to stress. This 
is readily accomplished by means of the well established law of mechanics 
that 


where 
D = strain, or change in length of the member. 
S = stress in the member. 
1 = length of member. 
A = area of cross-section. 
E = modulus of elasticity of material composing the member. 
359 
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Hence the strain or change in length of a member may be determined if 
its length and cross-sectional area, the stress which it resists and the 
modulus of elasticity of its material are known. Experiments show 
that for any given material, the modulus of elasticity is approximately 
constant for all unit stresses below a certain limit, called the elastic 
limit. The elastic limit for structural steel is about 60 per cent of its 
ultimate strength; hence the permissible unit stress in all current practice 
is well within the elastic limit. The modulus of elasticity for ordinary 
structural steel is about 29,000,000 Ib. per sq. in.; hence if a member 
50 ft. long, having a cross-sectional area of 20 sq. in., is subjected to a 
tensile stress of 300,000 lb., the strain or elongation of the member will be 


__ (300,000) (50) (12) 


= (20) (29,000,000) ~ 0-3! 32. 


D 


Deflections of trusses may be determined by algebraic or by graphical 
methods. In general, algebraic solutions are more precise than graphical 
solutions, for algebraic solutions can be carried to any desired number of 
significant figures in the results while graphical solutions are limited by 
the size of drawing which can conveniently be made and also by inherent 
inaccuracies which exist in all graphical work. However, a complete 
determination of the movement of all joints of a truss by thealgebraic 
methods in common use requires two deflection calculations for each 
joint of the truss (vertical and horizontal movement of each joint). 
On the other hand, a graphical solution gives a single displacement dia- 
gram from which the resultant motion of all joints of the truss can’ be 
determined at the same time. 

In practically all of the problems encountered in practice, the graph- 
ical solutions yield results which are sufficiently accurate. It is seldom 
that algebraic methods are required to produce the desired accuracy. 
Graphical methods are therefore recommended for use because of the 
time which can be saved by their use, and because a greater amount 
of information can be obtained from a single solution. Both methods 
will be treated in the articles which follow. 

2. Algebraic Method. 

2a. Deflection Due to Stress in Members.—The algebraic 
solution for this case may be developed by equating the external work 
done by the load supported by the truss to the internal work. performed by 
the members of the truss. 

Figure 1 shows a truss supporting loads Pz and Ps due to any given 
loading conditions. The vertical component of the deflection of joint B 
due to these loads is required. To determine the required deflection apply 
at joint B an arbitrary load P, acting in the direction of the desired 
deflection. For the given conditions P, is a vertical load acting down- 
ward, as shown in Fig. 1. 
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Let Ai, Fig. 1, represent the vertical component of the deflection 
of joint B in the direction of the force P,; due to the loads P;, Pz and P3 
which are assumed to be applied gradually, increasing from zero to their 
full values. During the movement of the point from B to B’, the force 
P, performs work to the amount of 14P,A;. Each member under stress, 
and thereby subject to strain, contributes its share to the deflection of B. 
Consider any member HK of length / and area A.. Let Si, So and 8S; 
represent the stresses in HK caused by the loads Pi, Pe and Ps; 


respectively, and let S: + S2 +S; = S = the total stress. The strain 
in HK is 
Sl 
Sie We 


and the work performed upon HK resulting from the load P, is 


1 Le SL 
oe 


Let 2aS149 represent the sum of the work performed upon each 


member by the stress resulting from the load P:. Since the external 
work done by the loads must equal the internal work performed upon the 


members, then 


it i WL 
gh At —— L/ 178 
whence 
_ Ss SL 
Se 


in which 8 is the stress in any member due to the load P: and S is the 
stress in the same member due to the three loads Pi, Pz, and P3. 

The value of A; given above represents the deflection due to loads 
P,, P, and P3. To determine the deflection due to the applied loads Pe» 
and P3, assume that load P; approaches a zero value and let A represent 
the deflection of point B due to the loads Pz and P3. As P, approaches 
zero, the limit of A; is A, and the limit of values of S become the stresses 
in the several members due to loads P2 and P3. 
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Since the stress S; in any member varies directly as the load Py, it is 
; oie Si 
obvious that the ratio psa constant for all values of P;. Let Die U. 


1 2 
Then 
os ee (1) 


Equation (1) may also be derived by another method. At the point 
whose deflection is desired, for example point B of Fig. 1, apply a load W 
acting in direction of the desired deflection. Let P be the stress in any 
member, as HK, due to load W and let z be the linear distortion of the 
member due toload W. The average internal work done on member HK 
is then 14Pz. For all members of the truss, the total average internal 
work is 1}4zPz. If d = deflection of point B due to the distortion of all 
members, the average external work is 44Wd. Equating internal and 
external work, we derive 

P. 
= Ee @ 


Now W, the load applied at point B, may be given any desired value: 
Assume that it is a 1-lb. load. Then = of the above equation is a 


ratio which for any member is equal to the stress in that member due to 
a 1-lb. load applied at the point whose deflection is desired and act- 
ing in the direction of the desired deflection. As before, call this ratio u. 
We may then write 

oe 


Suppose now that any set of loads is applied to the structure, and 
let e denote the distortion of any member due to these loads Since the 
deflection of joint B is relatively small compared to the dimensions of the 
structure, it is reasonable to assume that the deflection at point B due to 
distortions in any member due to different applied loadings is proportional 
to the distortions caused by these loadings. If A = deflection at B due 
to any set of applied loads we may write the proportion 


Goose cg 
from which 
Kye 
zZ 


Substituting the value of d given above in this equation we derive 
A = Leu 
From mechanics, the distortion e of any member of length J, and A, 
and modulus of elasticity Z for a stress 9 is 
ltl 
AEH 
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Substituting this value of ¢ in the equation for A, we have 


To calculate values of the ratio u for each member, place a 1-lb. load at 
the point whose deflection is desired and assume the load to actin the direc- 
tion of the desired deflection. Compute the stresses in all members due 
to this I-lb. loading. The resulting stresses expressed in pounds, when 
divided by pounds will represent the ratio u for the several members. 

For any member, the stress S and the ratio u have positive or negative 
signs corresponding to tension and compression. The strain in any mem- 
ber causes the point in question to deflect in the direction in which the 
1-lb. load is assumed to act if S and wu have like signs, and in the opposite 
direction if they have unlike signs. 

In Eq. (1) # is the only quantity which is constant for all members of 
the truss, provided all members are made of the same material, which is 


usually the case. Hence theexpression a may be computed and tabu- 

lated for each member, and the deflection found by dividing the algebraic 
Sl : 

sum ply; u by E, as in the problem which follows: 


Illustrative Problem.—The truss in Fig. 2 supports a load of 240,000 Ib. at each 
bottom chord panel point. In Table 1, the length of each member is given in column 
1; the gross cross-sectional, in column 2; and the stress, in column 3. 


/ 3 S 7. 3 


IMG, FA 


Gross areas are used for tension members as well as for compression members due 
to the fact that in riveted tension members the net areas at sections containing rivets 
occupy a relatively small portion of the length of the member. ‘Therefore gross areas 
represent very closely the actual areas which contribute to the strain of the member. 
The quantities in column 4, when divided by £, represent the strains. To find the 
deflection at point 6, place 1 lb. at 6 and compute the stresses, as given in Fig. 3a. 
These stresses, when divided by 1 lb., are the ratios ws in column 5, In this case S 
and us have like signs for each member. Hence the quantities in column 6 are all 
positive, and their algebraic sum is 42,246. Since S was expressed in units of 1,000 
lb., the deflection at point 6 is 

(42,246)(1,000) _ 46,246,000 
a a 29,000,000 

In like manner the deflection at point 4 is found by placing a load of 1 Ib. at 4 
(Fig. 3b) and obtaining the ratios us, in column 7. The products of corresponding 
values in columns 4 and 7 are given in column 8. In this instance, S and ws have 


= LAYS sin, 
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unlike signs for the member 4-5. Hence the quantity representing the member 
4-5 in column 8 has the negative sign and the strain in that member tends to raise the 
point 4. The algebraic sum of the quantities in column 8 is 31, 916, and the deflection 
of point 4 is 

__ 31,916,000 


a= 29,000,000 =i ibility, 
Similarly the deflection of point 6 is 
_ 22,685,000 _ vei 


* ~ 29,000,000 


Since the design and loading of the truss in this problem are both symmetrical 
about the center line, it is obvious that the vertical deflections at the points 8 and 10 
are respectively the same as at points 4 and 2. 


Iigeh, 3}, 


The horizontal displacement of any point may be obtained in a similar manner. 
Suppose that the horizontal displacement of the point 1 in Fig. 2 is required, when the 
truss is held fast at the left support and rests on rollers at the right support, as shown 


in Fig. 1. The loads are assumed as in Fig. 2, and the values of A of column 4, Table 


1, are therefore applicable. Place 1 lb. at point 1, acting horizontally either to the 

right or left; let us say to the right (as in Fig. 3c). Compute the reactions and tabulate 
, Sul 

the resulting ratios in a column marked w:, and make the extensions Se 


The horizontal displacement of the point 1 will be 
Suyl 19,890,000 ; 

sacs SS OR a ee RSA htt goes 
oo Ak = 95.000,000 
Since the 1-lb. load was taken as acting to the right, a positive value for the 


summation indicates a displacement to the right, that is, in the direction of the 1-lb. 
load. 
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2b. Deflection Due to Temperature Changes.—Suppose 
that we wish to determine vertical displacement of the point 4, Fig. 2, — 
when the temperature of the top chord is 10 deg. above normal and the 
temperature of the bottom chord is 15deg. belownormal. The coefficient 
of thermal expansion is 0.0000065. Consider the member 1-3. Its 


TABLE 2 
ee ee ee ee eee 
Length in | Temperature 
Member inches change lt U4 litus 
(2) (t) 
1-3 324 +10 +3 ,240 —1.0 —3,240 
3-5 324 +10 +3 ,240 —1.0 —3,240 
5-7 324 +10 +3 ,240 —0.5 —1,620 
7-9 324 +10 +3 ,240 —0.5 —1,620 
0-2 324 —15 —4,860 +0.5 —2,430 
2-4 324 —15 —4,860 +0.5 —2,430 
4-6 324 —15 —4,860 +0.75 —3,645 
6-8 324 —15 —4,860 +0.75 —3,645 
8-10 324 —15 —4,860 +0.25 —1,215 
10-12 324 —15 —4,860 +0.25 —1,215 


Dliu, = —24,300 


change in length, due to 10 deg. rise in temperature is 
(324) (10) (0.0000065) = +0.021 in. 


This change in length is treated precisely as if it were a strain resulting 
from the stress in the member due to loads. Since the coefficient of 
thermal expansion is the same for all members, the computation may 
be arranged as in Table 2. The vertical displacement of point 4 is 


A, = (2Xltus)(0.0000065) = —0.16 in. 


The negative sign indicates that point 4 is raised by the effect of the 
temperature. 
The problem may be solved graphically by drawing a Williot diagram 
and using the quantities Jt in Table 2 to represent the changes in length. 
2c. Deflection Due to Non-elastic Distortion of Members.— 
Changes in length of truss members are sometimes the result of play 
of the pins in pin holes and errors in fabricating the members. These 
changes in length of members produce deflection of the truss which 
is equal to the deflection caused by similar changes due to strain. Since 
these changes in length are not produced by the elastic deformation of 
the member, they are known as non-elastic deformations. 
In pin-connected structures it is the usual practice to make the 
inside diameter of the pin hole about }é9 in. greater than the outside 
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diameter of the pin. This is done in order to facilitate driving of the 
pins. Hence members pin connected at both ends, when under stress, 
are shortened or elongated by 19 in., depending upon the character of 
stress in the member. Members with a pin at one end are shortened or 
elongated by 1409 in. 

In fabricating truss members in the bridge shop it sometimes happens 
that slight errors are made in locating the position of pin holes or in milling 
the ends of members. These errors result in members whose length 
differs from that called for on the plans of the structure. When placed 
in the structure, these errors in length contribute to the deflection of the 
structure precisely the same as changes in length due to strain. 

To estimate the deflection of a structure due to non-elastic distortion, 


replace the term = of Eq. (1) by the estimated or known change in 


length of the member. Increases in length are to be given a positive 
sign and decreases in length are to be given a negative sign. Values of u 
are to be calculated by the methods given in Art. 2a. 


Illustrative Problem.—Assume that the truss shown in Fig. 2 is pin-connected 
throughout and determine the virtual deflection of joint 6 based on the following 
assumptions: The play in pin holes is 49 in.; the top chord member is riveted from 
joints 1 to 9, and to secure proper camber (see Art. 5) the length of each top chord 
panel length is increased by 544 in.; web members are joined to thé top chord by pin 
connections. 

Table 3 gives the required calculations in tabular form. Since the truss is sym- 
metrical about the point whose deflection is desired, the table may be made up for one- 


TABLE 3 
Non-elastic dis- 
Member tortion U6 Dus 
(D) 
0-1 —0.02 —0.625 +0.0125 
1-3 +0.3625 —0.75 —0.226875 
3-5 +0.3125 —0.75 —0. 234375 
0-2 +0.02 +0.375 +0.0075 
2-4 +0.02 +0.375 -+0.0075 
4-6 +0.02 +1.125 +0.0225 
1-4 +0.02 +0.625 +0.0125 
4-5 —0.02 —0.625 +0.0125 
1-2 —0.02 0 0 
3-4 —0.02 0 0 
5-6 +0.02 +1.0 +0.01! 
die Reet S| eee —0.37625 


114 Dus used for center vertical 
Total deflection = —(2) (0.87625) = 0.7525 in. upward 
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half of the truss and the summations multiplied by two. The deformations for the 
several members are given in the table. In determining the character of these 
deformations, it is assumed that the play in the pin holes is taken up by a stress 
condition corresponding to dead load and full live load. Note that top chord member 
1-3 is subjected to pin play for a pin at one end in addition to the intentional elon- 
gation of 54, in. Also, member 5-6 is common to both halves of thetruss. Hence its 
distortion is not to be multiplied by two. Values of u are taken from column 5 of 
Table 1. 


3. Graphical Method.—The graphical method for the determination 
of the deflections of a truss presented in the articles which follow is due 
to the French engineer Williot and to Professor Otto Mohr. As originally 
presented by Williot, the method was applicable only to symmetrical 
structures symmetrically loaded and to cantilever structures. Professor 
Mohr extended the method to include structures loaded in any manner. 

3a. Williot—Mohr Diagrams.—The graphical method of 
finding the deflections of a truss is accomplished by drawing a Williot 
diagram, after the strain in each member has been determined. In order 
to compare the results of the algebraic method with the graphic, the latter 
will be explained in connection with the problem illustrated in Fig. 2. 
Since the modulus of elasticity is constant for all members, the quantities 
in column 4 of Table 1 will be taken to represent the strains; and the 
factors 1,000 and H = 29,000,000 lb. per sq. in. will be introduced at the 
end of the problem, as in the algebraic solution. Three solutions will be 
given, based on three different assumptions. 

First Solution——We shall assume that the point 6 is fixed in position 
and the member 5-6 fixed in direction, and determine the relative displace- 
ments of the other points with reference to point 6, when 
the various members are subject to the strains indi- 
cated in column 4, Table 1. First let us consider the 
triangular unit 4-5-6 of the truss in Fig. 2. For con- 
venience this unit is shown in Fig. 4 and designated 
as abc. From column 4 the strains are represented by 
the following quantities: bc = +4,610; ac = +3,150; 

ea ¢ and ab = —2,680. According to the hypothesis, point 
Fig. 4. cis to remain fixed in position and the member bc is to 
remain fixed in direction. 

The strain in 6c is an increase in length, represented by the quantity 
4,610; consequently from 6 we lay off to any convenient scale (not neces- 
sarily the scale used in laying off bc) bd = 4,610, above the point b. The 
point which was originally at b has now moved to d. The location of d 
was a simple matter, since according to the hypothesis, the member bc 
(when elongating) had no option except to extend vertically upward. 

The location of the new position of the point at a is more complicated. 
The member ac lengthens; and since c is fixed, the extension is to the left 
of and away from c. Hence we lay off ae = 3,150. The movement of 


d 


b 


> 
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a is also influenced by the member ab. Hence, af is laid off equal and 
parallel to bd, and fd is drawn to represent the original Jength of ab. 
The member ab is shortened by the strain 2,680. Since point d has been 
located, therefore, the point f moves towards d, the amount, 
fg = 2,680. Since the two members ac and ab are con- 
nected, the two points e and g, which represent the ends of 
these members, when under strain, must coincide. There- a 
fore an arc having the radius ce is described about c as a b 
center, and an are having the radius dg is described about 
dasacenter. The intersection of the two arcs ath marks 9! C 
the new position of the point, which was originally at a. 
Since, in any practical problem, the arcs are very small in 
proportion to their radii, it will be sufficiently accurate to draw the straight 
lines eh and gh perpendicular to ac and ab, respectively. 

Reference to Fig. 5 shows at once that the displacement of the points 
a and b may be determined, without including in the diagram the members 


Qa 


Inte, Gy, 


eo~—: 


Fig. 6. 


themselves. Let the point ¢, which is assumed fixed in position be the 
origin or fixed point of reference. The member cb lengthens, and the 
point 6 moves upward and away from c¢; therefore lay off eb = 4,610, 
upward from c. The member ca also lengthens, and the point a moves 
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horizontally to the left from c; therefore lay off ca’ = 3,150, to the left 
from c. The member ab shortens, and the point a moves (also) diago- 
nally upward and to the right towards 6; therefore lay off ba’’ = 2,680, 
parallel to ab upward and to the right from 6. The perpendiculars 
through a’ and a’’ intersect at a. Since c is the origin or reference point, 
the movements or displacements of the points a and 6 from their orzginal 
position are indicated by their positions relative to the origin c. 

The procedure is similar when the frame consists of a series of triangu- 
lar units, as illustrated by the truss in Fig. 6a. It is assumed that the 
truss and loads are the same as shown in Fig. 2, and specified in Table 1. 
The quantities which represent the strains in the various members are 
taken from column 4 of the table; they are indicated in the figure for con- 
venience. A positive sign indicates elongation, and a negative sign indi- 
cates a shortening. Each strain is laid off in the Williot diagram, Fig. 
6b, parallel to the original direction of the member in which the strain 
occurs. Joint 6 is assumed fixed in position, and member 5-6 is assumed 
fixed in direction; hence point 6, Fig. 6b, is the origin or reference point 
in the Williot diagram. 

Joint 5 moves upward from joint 6, hence point 5 is laid off to a con- 
venient scale above point 6. Joint 4 moves to the left away from joint 
6, and upward to the right toward joint 5; hence the strain in 4-6 is laid 
off to the left from point 6, and the strain in 4-5 is laid off upward and to 
the right from point 5. The perpendicular lines drawn from the extremi- 
ties of these two strains intersect at point 4. The position of point 4, 
relative to the reference point 6, indicates the movement of point 4 from 
its original position. 

Joint 3 moves to the right toward joint 5, and moves neither upward 
nor downward with reference to joint 4, since there is no strain in the 
member 3-4; hence the strain in 3-5 is laid off to the right from point 5, 
and no strain is laid off from point 4. The perpendicular lines drawn 
from the extremity of the strain in 3-5, and from point 4, intersect at 
point 3. The position of point 3, relative to point 6, indicates the move- 
ment of joint 3 from its original position. 

The remaining joints 1, 2 and 0 are similarly treated in consecutive 
order, and point 0 is finally located in the diagram. 

The scale used in constructing the Williot diagram is too large to be of 
service in locating the movement or displacement of each joint with refer- 
ence to the truss itself. If a smaller and more convenient scale is taken, 
the displacements may be indicated by the dotted outline as shown in 
Fig. 6a; although, even there, the actual distortion is greatly exaggerated 
in comparison to the dimensions of the truss. On account of symmetry 
in loading and design, the distortion of the whole truss may be determined 
by drawing the Williot diagram for either half. The dotted out- 
line gives a true conception of the distortion, when joint 6 is fixed in posi- 
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tion, the member 5-6 fixed in direction, and the members are subjected 
to the strains as indicated. It is evident, however, that joints Q and 12, 
at the points of support instead of joint 6, remain fixed in elevation. 
The correction for this error in assumption is made by moving the dotted 
outline vertically downward until the joints a and b are at the same eleva- 
tion as 0 and 12. The corresponding correction is made in the Williot 
diagram by considering A as the origin, or reference point, instead of 
point 6. The vertical displacement or deflections of joints 2; 4 and 6 


Kia: 7. 


are obtained by scaling d2, d4 and ds, multiplying each by 1,000 and divid- 
ing by 29,000,000, as in the algebraic solution. The horizontal displace- 
ment of any point is obtained by scaling its horizontal distance from the 
line A6. Thus the horizontal, as well as vertical displacements of all 
joints in the truss, may be found by drawing one Williot diagram. 

- Second Solution.—If the loading or design in the first solution had not 
been symmetrical, it is evident that the assumption that the member 
5-6 remained fixed in position would not have been true. Hence for 
unsymmetrical designs or for symmetrical with unsymmetrical loading, 
the Williot diagram does not represent true conditions. In order that the 
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Williot diagram may represent true conditions a suitable correction dia- 
gram must be applied. The method by which this correction diagram 
may be made will be illustrated by using the same strains as before and 
assuming that joint 0, Fig. 7a remains fixed in position and that member 
0-1 is fixed in direction. 

A Williot diagram constructed for the conditions assumed above, 
is shown in Fig. 7. Point 1 is located first; then points 2, 4, 3, 5, and so 
on to point 12. The distorted outline may now be drawn, as shown by 
the dotted lines of Fig. 7a. This outline has precisely the same configura- 
tion as the distorted outline of Fig. 6a. Note, however, that point 12 


alte 4 
S 9 
ea eay 
\ 
1A Position of 
“< SER oink 12 of 
H | dotted outline 
me 
jo le 10 V2 
VaSSeS SRS DI 4 | 
Sia seater ee 4) agg papa nen 4 
wish Truss Diagram. 
oa tl { (a) 
? Ne { 
ay eer td me | 
toe 
shal Nao | 
Soe | 
AG \ 1 i} 
lees ! | 
ee hG 1 y 
Ns sa | 
‘. i 
eee ree 
sel SS OSS 1 
pec ae 
te el | 
al ieee EN 
Te a 
fh ON ee 
‘, 
7,-4a-2 a ‘. { Hl 
dei 4 Ns-L--£ Rotation Diagram 
K—4—>| cb) 
Fie. 8 


of the dotted outline occupies a position to the right of and above the 
position of point 12 of the original outline. Evidently the position of 
point 12 given by the Williot diagram is not the correct position of that 
point, for the presence of rollers at point 12 limits the motion of that 
point to a movement parallel to the plane of the roller bed, which in this 
case is assumed as horizontal. The apparent upward motion of point 12 
is due to the fact that member 0-1 is not fixed in direction during the dis- 
tortion of the truss but is subjected to an angular rotation about point 0 
as a center. 

In order that the distorted outline of Fig. 7a may truly represent 
the deflections of the several joints, it is necessary that the dotted figure 
be rotated about point 0 until joint 12 of the dotted outline falls on a 
line drawn parallel to the plane of the roller bed through point 12 of 
the original outline. For the assumed conditions, point 12 of the dotted 
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outline must lie on a horizontal line through point 12 of the original out- 
line. Hence to represent the true deflection of the several joints, the 
distorted outline of Fig. 7a must be rotated about point 0 until joint 12 
of the dotted outline is on a level with joint 12 of the original outline. 
An equivalent effect may be obtained by rotating the original outline 
about point 0 until joint 12 is on the same level with joint 12 of the 
dotted outline. The true deflection of any point may then be deter- 
mined by measuring the distance from any point in the rotated original 
outline to the position of the same joint in the dotted outline. This is 
best accomplished by locating on the Williot diagram the rotated position 
of the joint of the original outline. 

The method of locating on the Williot diagram the rotated positions 
of the joints of the original outline will now be explained by means of 
Fig. 8. Let point 12’ represent the point to which joint 12 of the original 
outline must be rotated in order to bring it to the level of point 12 of the 
dotted outline, and let a be the angular rotation of point 12 about the 
center 0. Since the truss is a rigid frame, all joints of the truss are also 
rotated through the angle a. Consider any top chord joint, as 7. Let 
A = 12 — 12’ = vertical movement of joint 12; h = height of truss; 
kl = horizontal distance from point 0 to joint 7, where k is a fraction less 
than unity; and let 7, and 7z respectively represent the vertical and 
horizontal components of motion of joint 7 due to the rotation of the 
truss about point 0. From the similar triangles 07B and 7BC, it can 
readily be shown that 


7y = kA 
and h (A) 
Un = as 


In a similar manner it can be shown that for any lower chord joint, as 8, 


8, = kA} 
and (B) 
82 = 0 


The rotation diagram of Fig. 8b may be constructed by methods 
similar to those used for the Williot diagram. Let 0 be the reference 
point to which ail movements are to be referred. Then 0-12 = A 
represents the movement of joint 12 with respect to point 0. The 
position of joint 7 in the rotation diagram may be located by means of 
Eq. (A). The horizontal distance from 0 to joint 7 is two-thirds of the span 
length. Hence the vertical movement of joint 7 is ?gA as indicated. 
Since the height of the truss is 36 ft. and the span length is 162 ft. (see 
Fig. 2), the horizontal movement of joint 7 is °${g2A. Point 7’ of Fig. 8b 
therefore represents the rotated position of joint 7. In a similar manner 
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the rotated positions of the other top chord joints were found and are 
shown on the diagram by 1’, 3’, 5’ and 9’. To locate the rotated position 
of any lower chord joint note from Eq. (B) that these points are sub- 
jected only to a vertical displacement. For point 8, for which k = 24, 
the vertical movement is 7gA. Point 8’ vertically above point 0 locates 
the rotated position of point 8. 

From Eqs. (A) and (B) and Fig. 8a, it can readily be seen that 
the rotated position of any point in the rotation diagram with respect 
to the reference point 0 is in direct proportion to the position of that 
point in the truss diagram with respect to point 0, the fixed point on the 
truss. Therefore if the several points in the rotation diagram are 
connected by straight lines, the resulting figure will be exactly similar in 
form to the original truss. However, each line in the rotation diagram 
is perpendicular to the corresponding line in the truss diagram. There- 
fore, to construct the rotation diagram, lay off from the reference point 0 
a distance 0-12’ equal to 12-12’, the vertical displacement of joint 12 of 
the original outline. On this line 0-12’ construct a figure similar to the 
truss outline. Since the horizontal components of the rotation of any 
joint are to the left with respect to the given joint, construct the figure of 
the truss to the left of the line 0-12’. 

To insert the rotation diagram in the Williot diagram of Fig. 70, 
draw a vertical line through 0 and a horizontal line through 12. Pro- 
duce these lines to an intersection at 12’. With 0-12’ as a base con- 
struct the figure of the truss, as shown by the dotted lines. Label 
each joint of this figure of truss to correspond with the outline of the 
truss, using primes, as indicated. The dotted line figure is known 
as a Mohr correction diagram, and the entire construction of Fig. 7 is 
known as a Williot-Mohr diagram. 

The displacement of any joint may be determined from the Williot- 
Mohr diagram by measuring the distance from the position of that joint 
in the dotted line figure to the position of the same joint in the Williot 
diagram. It will generally be found convenient to measure the deflection 
of any joint in terms of the vertical and horizontal components of the 
deflection of that point. Thus for joint 1, the vertical deflection is given 
by the vertical distance from point 1’ to point 1 of Fig. 7a, which is 22,700 
units, and the horizontal deflection is the horizontal distance from 1’ tol, 
or 19,890 units. To determine the direction of these deflections, note 
that point 1 is below and to the right of point 1’. Therefore, point 1 
deflects downward and to the right with respect to its original position. 
These deflections check the computed values givenin Art.2. Inasimilar 
manner the deflection of any other point may be determined. Note 
that point 12 lies directly to the right of point 12’, indicating that the 
right end of the truss moves in a horizontal direction. This conforms 
to the assumed initial conditions of a horizontal roller bed. 
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When the plane of the roller bed is inclined, as shown by the line 
a-a of Fig. 7a, the Mohr correction diagram is constructed by drawing 
through point 12 of the Williot diagram a line parallel to a-a, the plane 
of the roller bed, as shown in Fig. 7a. Through 0, draw a vertical, inter- 
secting the line through point 12 at 12’. As before construct the Mohr 
diagram with 0-12’ as a base. The completed construction is shown in 
Fig: iC. 

Third Solution.—In the first solution, a translation of the distorted 
outline (Fig. 6a) was necessary, because of the erroneous assumption of a 
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joint fixed in position; while in the second solution, a rotation of the dis- 
torted outline (Fig. 7a) was necessary, because of the erroneous assump- 
tion that a member was fixed in direction. The Williot distortion 
diagram, in Fig. 9b, is drawn on the assumption that the joint 4 is fixed 
in position and the member 4-1 is fixed in direction. Point 4 is the origin, 
and the other points may be located in the order 1, 2, 0, 3, 5, 6 and so on to 
12. The distorted outline of the truss, shown in Fig. 9a has precisely the 
same configuration as in Figs. 6a and 7a. The Mohr rotation diagram 
will be drawn on the basis of a fixed support at 0, and a roller support at 
12. It is apparent that the distorted outline must be translated ver- 
tically downward, then horizontally to the right until joint 0 of the 
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distorted outline coincides with joint 0 of the original outline. The dis- 
torted outline must then be rotated about joint 0, until joint 12 of the 
distorted outline is level with joint 12 of the original outline. Since 
joint 0 is now to be considered fixed in position, instead of joint 4, the 
origin is moved from point 4 to point 0 in Fig. 96. Draw the vertical 
through point 0, and the horizontal through point 12, intersecting at 12’, 
and on 0-12’, as the bottom chord, construct the truss to scale. 

The total vertical displacement or deflection of any joint may be con- 
sidered as the result of three operations—distortion, vertical translation 
and rotation. As the distortion takes place, joint 2 is lowered the 
vertical distance from point 4 to point 2 in the distortion diagram. 
The vertical translation lowers the joint the vertical distance from point 
0 to point 4. Finally the rotation lowers the joint the vertical distance 
from point 2’ to point 0. Hence, the total vertical distance through which 
the joint 2 moves, is represented by the vertical distance from point 2’ in 
the translation rotation diagram to point 2 in the distortion diagram, 
which is dz = 22,700. The vertical displacements or deflections here 
found agree with those of the previous solutions. The horizontal dis- 
placements agree only with those of the second solution, where joint 0 
was also subject to horizontal restraint. 

3b. Choice of Initial Conditions.—In the preceding article 
the results given by the three solutions are identical. However, the 
several Williot-Mohr diagrams differ inform andin size. A study of Figs. 
6, 7 and 9 will show that the simplest and most compact diagram is given 
by Fig. 6. In constructing this diagram the center vertical, which was 
known to move parallel to itself, was chosen as the reference member. 
Hence rotation of the truss was not involved and a Mohr correction dia- 
gram was not required. 

The diagrams of Figs. 7 and 9 were drawn for reference members 
which are subjected to rotation during the deflection of the truss. Hence 
Mohr correction diagrams are required. A study of the conditions 
involved will show that. the reference member for Fig. 7 is subjected to a 
greater rotation than the reference member for Fig. 9. Hence a larger 
Williot-Mohr diagram is required for Fig. 7 than for Fig. 9, when the same 
scale is used for both diagrams. 

For ease in carrying out the necessary graphical work required in the 
construction of Williot-Mohr diagrams, it is desirable to have the dia- 
grams as compact as possible. This may be done either by using a small 
scale in laying out the diagrams, or by a careful selection of the reference 
member. In general, accurate work cannot be secured by the use of 
small scales. It is therefore best to use as large a scale as possible, secur- 
ing the desired reduction in size of the diagram by proper selection of the 
reference member. ‘To secure the desired reduction in size of diagrams, 
select a reference member whose motion is parallel to itself, or one which 
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is subjected to as small a rotation as possible. The first condition is 
answered by a member at the center of a symmetrical structure symmetri- 
cally loaded. The second condition is generally answered by a member 
near the center of a structure under unsymmetrical loading. 

4, Maxwell’s Theorem of Reciprocal Deflections.—The proof of 
Maxwell’s theorem as applied to beams, given in the volume on “Struc- 
tural Members and Connections” is equally applicable to trusses. It 
is also easily proven by the algebraic method of Art. 2. Let Aq represent 


1 Unit (d) 
Fra. 10. 


the deflection at A, caused by the load F at B (Fig. 10a); and let A, repre- 
sent the deflection at B, caused by the load F at A (Fig. 10c); then 


— wi Sattal 
ie AE 
and 
S,Upl 
a AE 
where S. = stress in any member of Fig. 10a. 


S, = stress in any member of Fig. 106. 
Ua = stress in any member of Fig. 10c. 
up, = stress in any member of Fig. 10d. 


Choose any member as CD, then 


2P BP sar8 = 
Sa = 9? St = 9? Wa = ? and & = & 
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Hence 
SaUa = Sputp 
If any other member is taken at random it will be found that 
Sata = Spup 
Therefore 
AG = Ao 


or the deflection at A, caused by a load at B, equals the deflection at B 
caused by the same load at A. 

5. Camber.—lIt is desirable that the truss in Fig. 1, when loaded, 
shall have the configuration represented by the full lines, rather than by 
the dotted lines. In order to accomplish this end, it is necessary to 
camber the truss, by increasing the length of each compression member 
and decreasing the length of each tension member by the amount of strain 
which it experiences under load. Thus, in Fig. 2, the strain in the mem- 
ber 1-3 from Table 1 is 

— (3,380)(1,000) _ 
29,000,000 


—0.116 in. 


This member is shortened about 1¢ in. when the truss is loaded, hence 
its original length is made 27 ft. 0)g in. If all members are treated 
accordingly, and the truss erected on 
false work, in such a way that the mem- 
bers are carrying little or no stress, the 
truss will have the configuration of Fig. 
11; which is known as a camber diagram. 
The camber diagram is constructed from 
a Williot diagram, drawn by using the strains as given in column 4 of 
Table 1, with opposite signs. Trusses are usually cambered for dead load 
plus live load, impact not included; sometimes the dead load plus two- 
thirds the live load is taken. 

The following approximate method is sometimes used. If the average 
unit stress in the members is 14,000 lb. per sq. in. based on the gross sec- 
tion, the strain in every 10 ft. of length is a little short of 44g in. Hence 
a truss may be cambered by a rule-of-thumb method, if 1¢ in. for every 10 
ft. in length is added to the top chord; the length of all other members 
remaining the same as if no allowance were made. Thus each top chord 
member of the truss in Fig. 2 would be made 27 ft. 054¢ in. long, 


STRESSES IN REDUNDANT MEMBERS 
By W. 8. Kinng 
6. Necessary Members fora Stable Frame.—When it becomes 


necessary to transfer any load or loads across the space between any 
two points by means of a frame work, the most desirable form for that 
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frame is one in which as few members as possible are used. Also, it is 
desirable, for purposes of design, that the stresses in the members of the 
frame may be readily determined by the principles of statics. The 
members of the framework should, if possible, be subjected only to direct 
stresses in tension or compression. 
Suppose it is desired to transfer a load P to points A and B of Pig. 12. 
A triangular frame ABC, shown in Fig. 12a will accomplish the desired 
object. The members may be hinged at the joints, and the stresses in all 
members will be either tension or compression. These stresses may be 
determined by the principles of statics. Note that only three members 
are necessary. A rectangular framework, as shown in Fig. 126, will also 
transfer load P to points A and B. However, unless rigid joints are 
provided at the four corners, this frame is unstable, as it tends to fold up. 
When rigid corners are provided, the frame is stable, but its stability 
depends upon bending moments and shears set up in the several members 
in addition to direct. stresses. 


3 ‘& . 
"A ee ry’ These direct stresses, moments 
Lon ees “and shears are not readily deter- 
aay aes mined by the methods of statics. 


() r “| (o) 4 They can be determined only 
by the methods given in Sec. 6 
_ for rigid frames. A framework 
such as Fig. 12a, in which the stresses may be determined by statics, is 
said to be statically determinate. The framework of Fig. 120 is said to be 
statically indeterminate, since the stresses cannot be determined by sim- 
ple statics. From the above discussion, it seems evident that the tri- 
angle is the simplest truss or frame element. 

Suppose that in forming a given structure it was found necessary 
to make use of m points, or joints. From the above discussion, it 
is evident that the simplest statically determinate framework by which 
these points can be connected will be formed by a system of triangles 
connecting the several points. Let n = number of members required 
to connect these points. The relation between members required and 
points connected may be determined by noting that after the first 
triangle has been formed there are left n-3 members and m-3 points 
from which the rest of the structure is to be formed. For each additional 
triangle which is formed, one point and two members are required. 
We therefore have the relation 


TAG, 1M 


n—3 = 2(m—8) 
from which 
n = 2m—3 (1) 
On substituting values of n and m for any given structure, it is possible 
to determine whether the minimum number of members has been pro- 
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vided, or whether there are more members than are really necessary. 
In general this fact can readily be seen from an inspection of thestructure. 
Members which are provided in excess of the minimum number required, 

as determined by Eq. (1), are 


VANNVAN JINX known as redundant members. 
A structure may be singly, dou- 

() | (6) | bly, or multiply redundant, de- 
pending on the number of excess 


ANN wee members in place. 
Letra meer rea | 


Illustrative Problem.—Figure 13 
. . shows a few typical trusses. Apply 
Eq. (1)-and determine whether redun- 
dant members are present. 

In addition to the notation used in Eq. (1), let N = number of members in position. 
Then N — n = number of redundant members present. The results for the several 
trusses are as follows: 

litte, Bi, a) = Ue A = le a = Bile (Ay — 9) 
No redundant members. 

Fig. 1386, m = 10; N = 18; n 
One redundant member. 

Hig. 13¢, m = 12; N = 23; nm = 21; (N —n) =2 
Two redundant members. 
Riga lsd.te— ON sel Sita 
One redundant member. 


Fi4q. 13. 


0 


Via Nee 


I 


17; (N —n) =1 


7. Stresses in a Structure with One Redundant Member.—Figure 14 
shows a structure which contains one redundant member, for on sub- 
stituting in Eq. (1) with m = 4, we find n = 5. The truss as shown 


i. 


1B) 


iii, alk Fig. 15. 


contains six members. Hence, as stated above, one redundant member 
is present. 

In attempting to determine the stresses in this structure by the 
method of successive joints, it will be found that three unknowns exist 
at every joint. Since the conditions of static equilibrium offer only two 
simultaneous condition equations, 7.e., TH = 0, ZV = 0, a solution for 
stresses by the methods of simple statics cannot be made. A third 
independent equation must therefore be found by means of which the 
stress in some one of the members may be determined. In this manner 
the unknowns at the joint containing the known stress will be reduced 
to two and all stresses may then readily be determined. This third 
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equation may be derived subject to the conditions of elastic equilibrium 
which must exist in the structure, that is, the distortion of the redundant 
member is equal to the deflection in the direction of the center line of the 
redundant member of the statically determinate structure composed of the 
necessary members. Any member may be taken as the redundant 
member. It is only necessary to make certain that a stable structure 
is left after the removal of the redundant member. . 
Consider member AB of Fig. 14 asthe redundant member. Figure 15 
shows the distortion of the loaded structure plotted with respect to the 
redundant member, assuming B as a 
fixed point. The dotted lines show 
the movement of joint A due to the 
distortion of the structure. Separating 
the structure into two parts, one part 
consisting of the redundant member, 
and the other part consisting of the 
members necessary to form a stable 
structure, we have the arrangements ¢_, 
shown in Fig. 16. () 
Let S, denote the stress in the Sites 16: 
redundant member, assumed to be ten- 
sion. 'To maintain static equilibrium, forces S, must be placed as shown 
in Figs. 16a and b. From Fig. 168, the distortion of the redundant mem- 
ber is an elongation of 


fe 


(2) 


in which J, and A, = the length and area respectively of the redundant 
member, and H = modulus of elasticity of the material composing the 
member. The plus sign indicates an increase in length of the redundant 
member, or a movement to the left. 

The movement of point A of Fig. 16a along the line AB may be cal- 
culated from the formula 


dn = DaRU (3) 


in which S = stress in any member of Fig. 16 due to applied loads; 
1 = length of any member; A = its gross area; H = modulus of elasticity 
of material composing the member; and u = a ratio which is equal to 
the stress in any member due to a 1-lb. load applied asa tension along the 
center line of the redundant member. The derivation of Eq. (3) is 
given on p. 361. 

The stresses S are as yet unknown. However, they may be expressed 
in terms which are readily evaluated by considering the redundant mem- 
ber removed from the structure and its effect on the stresses represented 


psn 
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by forces S, placed as shown in Fig. 16a. The stress S in any member 
will be denoted by 8’, which is the stress in any frember of the ariccire 
composed of the Peete members (redundant member removed) 
due to the applied loads; (6) a stress in each member due to loads S, 
applied along the center line of the redundant member, as shown in Fig. 
16a. The first part S’, may readily be determined by the methods of 
statics. The second part depends upon the value of S,, as yet unknown. 
Let wu = stress in any member due to a 1-lb. tension acting along the line 
of the redundant member, as shown in Fig. 16a. It is evident that the 
stress in any member due to S, is given by the expression S,u. Hence 
we may write 


5 Ses ea (4) 


As stated above, the deflection of point A, Fig. 16a is desired along the 
line of member AB. Since S, has been assumed as tension, A moves to 
the left. Hence the values of u to be used in Eq. (3) are to be calculated 
for a 1-lb. load acting to the left. In making up Eq. (4) values of u are 
required for a 1-lb. load acting to the right. We may then use these 
values of wu in determining the movement of A to the left by changing 
the sign of Eq. (3). On substituting values of S from Eq. (4) in Eq. (3), 
and changing signs, we have 


hs yr (5) 


Since the elongation of the redundant member and the movement of 
point A are a we have from Eqs. (2) and (5) 


RSC) te oe 
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Since the value of wu for the redundant member is unity, the term oe 


. . . Z 
may be included in the summation Se and we may write 


eS ee 1 
Sr = 7 FE (6) 
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n 


in which >) indicates that the summation is to be made for the n necessary 
t= 
n+1 


members, and > indicates that the summation is to include the redun- 
1 


dant member as well as the n necessary members. Equaticn (6) is the 
general equation for stress in a single redundant member. The minus 
sign in front of Eq. (6) is important, for it indicates the character of the 
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stress in the redundant member. A plus sign indicates tension, and a 
minus sign indicates compression. Esiorgiag as 

If the redundant member as fabricated is not correct in length, it 
will, when placed in position, cause stresses in all members which are 
equal to those caused by a stress deformation which is equal to the error 
in the length of the redundant member. Let e = error in length of the 
redundant member. If the member is too long, e is to be given a plus 
sign; if too short, a minus sign is to be used. Since, as noted above, the 
deflection of the necessary members is equal to the deformation of the 


: Oud 
redundant member, we may substitute e for Se in Eq. (6) and we have 


é 
AE 
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Equation (7) may be used to determine the stress in any redundant mem- 
ber due to changes in its length from any cause, as imperfections in 
fabrication, temperature changes, etc. The resulting stresses in other 
members may then be determined from Eq. (4). 

8. Solution of Problems, Structures with One Redundant Member.— 
The general method of the preceding article will now be applied to the 
solution of a few typical problems in the determination of stresses in 
structures with one redundant member. 

8a. Stresses in a Roof Truss.—Let it be required to calculate 
all stresses in the truss of Fig. 17. The loads to be carried are shown in 
position. Sizes of members and dimensions of the structure are as shown 
on the figure. Note that certain of the members are timber, while 
others are of steel. The moduli of elasticity will be assumed as 1,000,000 
Ib. per sq. in. for timber and 30,000,000 lb. per sq. in. for steel. 
All necessary data are given in the following table: 


Area Cah y 2 
: in.) 1,000,000 
al 2 3 4 5 6 ie 8 9 10 11 
ToU1 9.60 | 48 +0.805) Wood +0.161 | —52,500/ — 8,450) 0.130 |+21,700 —30,800 
Ui1U2 9.60 | 48 +0.805}) Wood +0.161 | —46,200} — 7,450) 0.130 | +21,700 —24,500 | 
U:U3 9.60 | 48 +0.805) Wood +0.161 | —43,500) — 7,000} 0.130 | +21,700 —21,800 
UsLs 9.60 ; 48 +0.805; Wood +0.161 | —49,800}— 8,020; 0.130 | +21,700 —28,100 
Doli 10.3 2.38 |—1.71 | Steel —0.244 | +48,900) —11,900] 0.417 | —46,200 + 2,700 
Inky 10.2 2.38 |—1.34 | Steel —0.192 | +23,600) — 4,530] 0.257 | —36,200 —12,600 
InL3 10.3 2.38 |—1.71 | Steel —0.244 | +40,800) — 9,950) 0.417 | —46, 200] — 5,400 
Uili 3.82 | 16 0 Wood 0) —13,800 0 0 0 0 
UsLe2 3.82 | 16 0 Wood 0 — 8,000 0 0 0 0 
Ooln 10.3 1.0 | —0.580} Steel —0.199 | +28,800,— 5,470) 0.115 | —15,700 +13,100 
UoLe 10.3 1.0 |—0.580) Steel —0.199 | +21,300) — 4,240) 0.115 | —15,700| + 5,600 
LoLs 30.0 1.53 |\--1.0 Steel UGC io geroes oalleob ded on 0.653 | +27,000| +27,000 
| at Seear le eo edelgh Ve ieeo several, eerereeie, ly Saueleenehier | iereinicie ames —67 280 BI 494 
+ = tension — = compression i 
— 67,280 : 
S; 9 494 + 27,000 lb. tension. 


It will be assumed that member LoL; is redundant. Values of wu, 
given in column 4, were determined by means of the stress diagram of 
Fig. 17¢, which is drawn for 1-Ib. loads acting along the line of member 
LoL3 as shown in Fig. 17. The stresses 9’ given in column 7 were deter- 
mined from the stress diagram of Fig. 176, which is drawn for the applied 
loads acting on the structure with the redundant member removed. 


é uu : 
In calculating values of AR column 6, we may use EH for timber = 


1, and # for steel = 30. The resulting values of a will then be one mil- 


: : : l 
lion times their true values. However, the terms Ta multiplied by 
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certain constants, appear in both numerator and denominator of Eq. (6). 
Hence the multiplier of one million will divide out on substitution in Eq. 
(6) and it may be neglected in forming the table. This will simplify the 
work of calculation as it allows the decimal point to be readily located. 


Values of and “= are given in col 
alues of 77; and 477 are given in columns Sand9. Incalculating values 


S’ul : ‘ 
of An careful attention must be paid 
to the algebraic sign of the result. 
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positive because uissquared. Sum- <p 2% @*% 
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given at the foot of columns 8 and 9. 6) 

' The necessary substitutions in 

Eq. (6) are shown below the table. 

As indicated by the positive sign of y eae e nee 
the result, the stress in the redundant Pr 
memberis tension. Stresses in other 


of 
members of the truss may be deter- i 
mined from Eq. (4). The necessary Sliding 

: : 5 li W, 
calculations are given in columns 10 18000 Pag | 
and 11. , 16.620" 16620" 
In some cases, the tie rod LoL; of 
Fig. 17 is omitted and both ends of Reet ae 
A 


the truss are fixed at the supporting he 
walls, which are assumed as rigid. 
Under these assumed conditions there 
will be four unknown reactions, two 


eee Noes 


vertical and two horizontal. One of 14 ae ee 
the horizontal reactions may be | 
assumed as redundant, and a solu- 6620" 16620" 
tion for its value may be made by the ©) 

use of Eq. (6). Since the support- Fie. 18. 


ing walls are considered as rigid, this 

is equivalent to a redundant member whose deformation is zero. This 

condition may be accounted for by assuming that the redundant mem- 

ber has an infinite area. To modify the above table to account for this 
, : l ul 

condition, place A for member LoL; equal to infinity. Then an and Vs 


; al ne 
for member LoL; will be zero instead of 0.653. The summation “ will 
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A 
remain as given in the table, while Spe becomes (2,494 — 0.653) =1,841. 


Then from Eq. (6) 


— 67,280 _ 


acting to the right. The stresses in members may be determined by the 
method used in the table. 

8b. Stresses in the End Cross-frame of a Deck Plate 
Girder.—Figure 18a shows the general dimensions and make-up of sec- 
tions for the end cross-frame of a deck plate girder bridge. Let it be 
required to determine all stresses in this frame due to an 18,000-lb. hori- 
zontal load applied as shown in Figs. 18bande¢. In determining the reac- 
tions at the supports, two assumptions may be made regarding the 
conditions of these supports. It may be assumed, as shown in F ig. 186 
that the left end is fixed and the right end free to slide, or as shown in Fig. 
18c, the opposite conditions may be assumed. The problem will be solved 
for both sets of assumed conditions. It will be assumed in each solution 
that member Ab is redundant. 

The following table gives in convenient form all data and stresses for 
the conditions shown in Fig. 186. Stresses 9’ are calculated with the 
redundant member removed, and stresses u are calculated for a 1-lb. 
load applied as a tension acting along the line of the redundant member. 
These forces are shown in position in Fig. 186. Since E, the modulus of 
elasticity is constant, it may be omitted from the calculations. 


TaBLe A 

Mem- | Area (sq.| Length , ul S/ul wl 

ber in.) Gao ae A A A aoe 2 
Aa 29.12 72 O |—0.6782}— 1.677 Oia Lat3 75" 900m es 5,900 
Bb 29.12 72 +16, 620) —0.6782] — 1.677 —27,870|/+ 1.137 —5,900 | +10,720 
AB 2.86 78 0 |—0.7348; —20.04 0 |+ 14.72 | —6,380 |— 6.380 
ab 2.86 78 0 |—0.7348) —20.04 O |+ 14.72 |) —6,380 |— 6,380 
aB 3.05 106.2 | —24,500] +1.0 +34.80 | —852,600| + 34.80 +8,690 | —15,810 
Ab 3.05 LOGS 2 Ie erreratet as ell (0) AN) | oocuoes on +34.80 +8,690 |}+ 8,690 

OI EE Ie Ga Oe Se Os SOM OOO Orie Geno e —880,470| +101.32 


— 880,470 2 
Meo ayy coe +8,690 lb. tension 


When the conditions at the supports are as shown in Fig. 18c, the 
necessary calculations are as given in the following table: 
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TaBLe B 
Mem- | Area (sq. | Length ul S’ul ul 
oe aC (mn) |S 0b)| i i re Sru Ss 
Aa 29.12 2 0 —0.6782| — 1.677 0 + 1.187|— 8,310] — 8,310 
Bb 29.12 72 +16 ,620| —0.6782| — 1.677 —27,870|+ 1.137)/— 8.310)+ 8,310 
AB 2.86 78 0 |—0.7348|—20.04 0 |+ 14.72 |— 9,000}— 9,000 
ab 2.86 78 +18 ,000| —0.7348| —20.04 —360,700 + 14.72 |— 9,000)+ 9,000 
aB 3.05 106.2 —24,500/+1.0 +34.80 —852 ,600| + 34.80 | +12,250) —12,250 
Ab 3.05 LOGe2is aaraneneroets +1.0 +34.80 ce eeee teres + 34.80 | +12, 250) +12,250 
nsgue || S6ec60" |lGbcc0cmpllyonotod. moetood.c =f 241 170) 101. 82 
—1,241,170 ’ 
S = = 7? = +12,250 lb. tension 


101.32 


On examining the above tables it will be noted from Table A (condi- 


tions of supports as shown in Fig. 18b) that the compression diagonal takes 
ao = 64.5 per cent of the horizontal shear. Also the verticals are 
unequally stressed. For the condition of supports shown in Fig. 18c, 
Table B shows that the diagonals each take one-half of the horizontal 
shear, their stresses being equal in amount but opposite in kind. The 
vertical and horizontal members are also equally stressed. 

The reasons for the unequal distribution of the stresses in the two cases 
may be determined by a study of the conditions existing in Figs. 186 and 
c. In Fig. 18), the fixed point is at a. The horizontal load of 18,000 
lb. is applied at B and is resisted at a. In traveling from B to a, the load 
is carried over two paths: (a) Part of the load is transferred directly 
from B to a by the member aB; (6) the balance of the load is transferred 
in the order named by members BA, Ab, and ba. Note that the path 
named in (b) is longer, and hence more flexible than the one named in 
(a). For the conditions shown in Fig. 18¢, point 6 is fixed. In traveling 
from B to b, the load is divided over two paths: (a) BA, Ab, (6) Ba, ab. 
Note that these paths are of equal length, and that they are composed of 
identical members. Hence the two paths are of equal flexibility. The 
explanation of the unequal distribution of the load to the members of the 
frame, in the two cases, therefore, lies in the fact that in Fig. 18d, the paths 
over which the load was forced to travel from B to the fixed point were of 
unequal flexibility; the greater part of the load was transferred by the 
more rigid path. In Fig. 18c the paths from B to the fixed point were of 
equal flexibility and the load divided itself equally over these paths. 
From the above discussion we may state the following important princi- 
ple: When a load may be transferred from one point to another in a struc- 
ture over two or more paths which are of unequal flexibility, the load will 
be divided over these paths in proportion to the relative flexibility of the 
several paths. This principle is very useful in deciding whether redun- 
dant members should be used in any structure. 
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The problem solved above gives two solutions for stresses which 
are based on different conditions at the supports. In practice, the 
ends of the girders are usually fastened to the shoes by means of bolted 
connections. If these bolts become loose, it is very probable that the 
structure will move slightly in a horizontal direction until one or the.other 
of the connections at a or b comes to a bearing on the bolts at that point. 
It is then possible that either of the conditions shown in Figs. 180 or 18c 
may exist. The stresses for the conditions shown in Fig. 186 give the 
greater stress in the compression diagonal. Hence it would seem best to 
assume the conditions of the supports as shown in Fig. 18). This 
requires that, for sections as assumed above, about two-thirds of the shear 
should be taken by each diagonal instead of one-half, as usually assumed 
in practice. However, it is the general practice to use sections much in 
excess of those required for stress in order to obtain a rigid frame-work. 
Therefore, the sections arrived at by the usual methods are in general 
large enough to provide for any stress which the member may be called 
upon to carry. 

8c. Pratt Truss with an Odd Number of Panels, Two 
Riveted Diagonals in Center Panel.—Figure 19 shows a Pratt truss 


(a) () 
Fie. 19. a 


with an odd number of panels. The center panel contains two riveted 
diagonals, each capable of taking both tension and compression. In 
practice, such members are usually designed on the assumption that each 
diagonal takes one-half the shear in the panel. The true distribution of 
shear will now be determined. 

Required the stresses in the center panel diagonals of Fig. 19 due to 
dead panel loads of 20,000 Ib. and live panel loads of 60,000 lb. Stresses 
in the diagonals will be determined for dead load and also for live loads 
on joints d and e, the live load position for maximum stress. 

Member De will be considered as the redundant member. Areas 
of members in the center panel are as given by the figures in parenthesis 
on Fig. 19a. All necessary calculations are given in the following table. 
Since values of u occur only for the members of the center panel, as shown 
by the loading conditions of Fig. 19, it is unnecessary to include the 
members of other panels in the table. Stresses in all truss members 
outside this panel are unaffected by the presence of the redundant 
member. 
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For dead load, 


—32,400 _ : 
S;=—- 3593. = +380 lb. tension. 
For live load, 
_ _ +1,869,100_ 
S; = — 85 93 = —21,930 lb. compression. 


From the above table it will be noted that both diagonals are in 
tension under symmetrical loading, such as the dead load. For this 
loading condition, the shear in the center panel is zero. Hence the 
stresses in the diagonals are due to the deformation of the members 
in the panel and not to the shear. For the final dead load stresses 
given in the above table, it will be noted that the top chord member 
CD is shortened, the bottom chord member cd is elongated, and the 
verticals Ce and Dd are practically unstrained. The result of these 
deformations on the shape of the panel is such as to cause an elongation 
of the diagonals. Hence the stress in these members is a small tension, 
as indicated in the table. 

For unsymmetrical loading, such as live load in position for maximum 
shear in the center panel, the diagonals are unequally stressed, as shown 
by the final stresses given in the above table. However, the difference 
in the stresses in the center diagonals is so small that the usual assump- 
tion of equal division of shear between the two members is sufficiently 
accurate for all practical cases. 

In some cases the two diagonals in the center panel of Fig. 19 are 
rods or bars which are capable of carrying tension only. The resulting 
stresses in these rods will then be the stresses due to loading, calculated 
by the methods given above, plus the initial tension placed in these 
rods during the erection of the structure. If the compression due to 
loading is less than the initial tension, both rods act as tension members. 
If the compression due to loading exceeds the initial tension, one of the 
rods becomes inactive and all of the shear is carried by the other rod. 
It is generally impossible to estimate the amount of this initial tension. 
Hence the true condition of stress is hard to estimate. 

8d. Stresses in Double Intersection Trusses with a Single 
Redundant Member.—In Art. 14, p. 279, the stresses in double inter- 
section trusses were determined by an approximate method based on the 
assumption that the main trusses could be resolved into two systems which 
could act independent of each other. An exact determination of stresses 
in such structures may be made by means of the theory of redundant 
members. 

As an example of the application of the more exact method, the 
stress in member Eg of Fig. 49, p. 281 will now be determined. Figure 
20a shows the dimensions of the truss. Areas of the members, deter- 
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mined for dead-and live load stress are shown in parentheses on Fig. 20a. 
These areas are given in square inches. The stress in Eg will be deter- 
mined for live panel loads of 30,000 lb. at g and all joints to the right. 
These loads are shown in position on Fig. 20c. 

Since any member may be chosen as the redundant member (subject 
to the condition that a stable structure is maintained) we will consider 
member Hg as redundant. This will simplify the calculations somewhat. 
Figure 206 shows a 1-Ib. load acting as a tension in the redundant mem- 
ber. The resulting stresses are the required values of wu in Eq. (6). In 
calculating these stresses, it will be found best to determine first the 
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stresses in the web members. Starting at joints H and g, the action of the 
1-Ib. loads may be traced through the full line web members to joints B 
and L. Then trace the stresses from these points back to the truss center 
‘over the dotted line web members. After all web stresses have been 
determined, determine chord stresses, using the method of successive 
joints. All stresses are as shown on Fig. 20. In calculating the stresses 
S’ due to the applied loads, we must first assume the form of the truss 
under the applied loading. This is necessary because counters are pres- 
ent near the center of the truss. It will be assumed that the members 
shown in Fig. 20c are in action for the given loading position. If total dead 
and live stress is required, the combined loads must be placed in position 
and the probable form of truss assumed. The redundant member has been 


392 STRESSES IN FRAMED STRUCTURES [Sec. 5-8d 


omitted in Fig. 20c. When £9 is omitted there will be no stress in the full 
line web members to the left of g. These members have therefore been 
omitted in Fig. 20c. The stresses as calculated are shown on the members. 

All data necessary for the determination of the stress in the redundant 
member are given in the following table. Since the maximum stress in 
Eg occurs for the given loading, and stresses in other members are not the 
maximum for these members, values of S, the final stresses in the mem- 
bers, are given only for a few of the web members in order to check up on 
the form of truss as assumed. It was found that the form had been 
correctly assumed. 


1, 2, 
Member t Gn:) aa u S’ a = Sru S 
BC 240 36 +0.354 |— 78,750/— 186,000 0.835 
CD 240 42 —0.354 |— 78,750/+ 167,000 0.750 
DE 240 48 +0.354 |—131,250/— 232,000 0.626 
EF 240 48 —0.354 |—131,250/+ 232,000 0.626 
FG 240 48 +0.354 |—183,500/— 324,000 0.626 
GH 240 48 —0.354 |—153,750/+ 272,000 0.626 
HI 240 48 —0.354 |—153,750/-+ 272,000 0.626 
IJ 240 48 —0.354 |—153,750/+ 272,000 0.626 
JK 240 42 +0.354 |—176,250/— 374,000 0.750 
KL 240 36 —0.354 |—116,250/+ 274,000 0.835 
cd 240 20 ++0.354 ) 0 1.502 
de 240 28 —0.354 |+ 78,750/— 238,000 1.072 
ef 240 32 +0.354 |+ 78,750/+ 209,000 0.940 
to 240 36 —0.354 |+131,250/— 310,000 0.835 
gh 240 36 +0.354 |+131,250/+ 349,000 0.940 
hi 240 32 —1.060 |+206,250]— 1,640,000 8.430 
aj 240 28 +0.354 |+116,250/+ 352,000 1.072 
jk 240 20 —0.354 |+108,750/— 462,000 1.502 
Be 537 12 +0.792 0 0 28.0 
Cec 480 10 —0.707 0 0 24.0 
Ce 680 10 +1.00 fy) 0 68.0 
Ee 480 8 =O0707 0 0 29.9 
Eg 680 5 +1.00 Redundant 136.0 | +43,200 | +43,200 
Gg 480 8 —0.707 |+ 30,000/— 1,270,000] 29.9 | —30,600! — 600 
Gi 680 5 +1.00 |— 42,400)— 5,760,000} 136.0 | +43,200] + 800 
Ti 480 8 0 0 0 0 0 0 
iK 680 10 —1.00 |+ 84,400|— 5,730,000 68.0 | —43,200 | +41,200 
Kk 480 10 +0.707 |— 60,000] — 2,040,000! 24.0 
kL 537 12 —0.792 |+100,600]— 3,560,000] 28.0 
Bd 680 12 —1.00 |+ 74,200]— 4,200,000! 56.6 
Dd 480 10 +0.707 |— 52,500/— 1,780,000] 24.0 
Df 680 8 —1.00 |+ 74,200)/— 6,310,000] 85.0 
Ff 480 8 +0.707 |— 52,500}— 2,230,000] 29.9 
Fh 680 5 —1.00 | + 74,200] —10,100,000} 136.0 | —43,200 | +31,000 
Hh 480 8 0 0 0 0 0 0 
hJ 680 8 +1.00 | — 31,800)— 2,700,000} 85.0 | +43,200 | +11,400 
Jj 480 10 —0.707 |+ 22,500/- 765,000) 24.0 | —30,600 | — 8,100 
jL 680 12 +1.00 |+ 10,600/+ 600,000) 56.6 | +43,200 | +53,800 
Bie 0°. || Meee Soc —47, 212,000 1,092.119 


.— 47,212,000 ‘ 
Sve => ~ SOE = +43 ,200 lb. tension 
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The stress in Eg, as calculated above by the exact method, is found to 
be 43,200 lb. tension. Using the approximate method of Art. 14, p. 
279, the stress in Hg = 2%5(146 +2+4-+ 6)(1.41) = 44,200 lb. ten- 
sion. The agreement between exact and approximate method is so close 
in this case that the use of the exact method is entirely unwarranted. 
In general it will be found that results given by the approximate method 
are sufficiently accurate for all practical purposes. It is therefore recom- 
mended that the approximate method of Art. 14 be used instead of the 
exact method of the present article. 

In certain cases of trusses with an uneven number of panels, or when 
the arrangement of members is such that the division of the main truss 
into independent systems is ambiguous, the approximate methods of 
Art. 14 do not yield reliable results. Under such conditions the exact 
method must be used. 

9. Stresses in Structures with Two or More Redundant Members.— 
The stresses in structures containing two or more redundant members 
may be determined by an extension of the methods given in Art. 7. It 
will be assumed, as in Art. 7, that the structure is composed of members 
subjected to direct stress only. 

Let S = stress due to the given loads in any of the n necessary mem- 
bers composing the frame; S:, Se, S; etc. = the simultaneous stresses in 
the several redundant members due to the given loads, the subscript 
in each case denoting the redundant member under consideration; vu: = 
stress in redundant member No. 1 due to the load of 1 lb. acting as a 
tension along the line of that redundant member, assuming that all other 
redundant members are removed from the structure while values of wy 
are being calculated; ws, us, etc. = corresponding values for redundant 
member No. 2, No. 3, etc.; S’ = stress in any one of the n necessary 
members due to the given loads, all redundant members considered as 
removed from the structure; and J; A, and # with proper subscripts = 
length, gross area, and modulus of elasticity respectively for each member. 

As in Art. 7, the deflection of the necessary members along the line 
of any one of the redundant members must be equal to the deformation 
of that redundant member due to its stress. We may then write for the 
several redundant members, the following condition equations: 


Cost SR ag 
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The stress S in any member, in terms of S’ and the stresses in the several 
redundant members is given by the expression 


S = 8S’ + Siui + Sous. + Sus + ete. (8) 
Substituting the value of S from Eq. (8) in the above condition equations, 


noting that the value of uw, w2, ws etc. for the corresponding redundant 
member is unity, we have the following general equations: 


Sun? l “S! url 
: n+2 9 ] n sg 1 
SSE tS Get Lge +. ate = SS few 
‘ n+3 a , 
U3U1 UsUel Us lan a S’usl 
Silage tag tS yt... ote. = - yee 


n 


In these equations, » indicates that only the necessary members are 


0 


a J 
included in the summation; > indicates that the necessary members 


2) 


n+2n+3 
and redundant member No. 1 are included; » DS indicate correspond- 
ing values for redundant members No. 2 and No. 3; and terms similar 


bake f ee 
1 EO ee indicate that this summation includes those members which 


have stresses due to 1-lb. loads acting as tensions in redundant members 
No. 1 and No. 2, or whatever members may be indicated by the subscripts. 
ois ie Equations (9) offer a set of 
simultaneous equations in terms 
XQ hie of the unknown stresses in the 
redundant members and certain 
other quantities whose values 
ares ie may be determined ag goon as 
ee Crp ey ae eee ‘the form and dimensions of the 
truss, the sectional area of its 
; members, and the amount and 
character of the applied loads are known. In any given case these terms 
may be evaluated and the resulting set of simultaneous equations may be 
solved for the required stresses in the redundant members. Note that 
there will always be available as many independent equations as there 
are redundant members. é 
9a. Stresses in a Pratt Truss with Rigid Diagonals in 
Two Panels.—The truss of Fig. 21 has rigid diagonals in the panels 
each side of the center of the truss. Applying Eq. (1) it will be found 
that there are two redundant members in place. 


Ie, Hil 
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Let it be required to determine the stresses in all members of the 
two center panels due to dead panel loads of 12,000 lb. at all joints, 
and live panel loads of 30,000 lb. at joints d, e, and f, Fig. 21. Members 
De and De will be assumed as redundant, and their stresses will be 
denoted by S; and S» respectively. 

Equations (9) of Art. 9 will then take the form 


os wil sg Uriel _ eS tel 

ae AE on, Wa =e AE 
n+2 n 

UsUyl tel S'uel 

sidan tS: an - 2 ag 


Values of wu; are due to 1-lb. loads acting in the line of redundant member 
De, and uz are corresponding values for De. Ali necessary data are given 
in the following table. Dead and live load values of S’ are kept separate. 


Dead 
Member Z (in.) aS U1 ue U2 ea ou 
PTGS E 2 i S’uil S’ual 
A A 
CD 240 30 —(ONGZO|| iSsdl Salers conctei|ieuelaye oni orsiehererere — 43), 200) = 216,000)... 2... 
DE 240 SOE hcwederevct eae ella OZ Oe Lalla: yerchs. —A Si DOO |e arevers cavers +216,000 
cd * 240 20 a=W) ay = AS OOM ts meyer eAlarlater ei Itercbenseo oe +388 ,400]—288,000)......... 
de 240 ZOE Ilhsesesy ctevredl aus as» ano —=0.625) 4.69)... 5. 0. Si peisne WN Gocagacdn — 288,000 
Ce 360 12 Solel Oso scscciersic-ailtevalersserellssacsrones — 6,000/+118,000)......... 
Dd 300 12 |—0.7838) 15.35)}—0.783) 15.35)4+15.35 0 0 0 
Ee 300 QS Ihe saWerin shat x\lltses, > ar ol —O5783)) 1d. S5ien ae aan == OOO cee tete ence = +118,000 
Cd 384 8 |+1.0 BS ON SE ae reall tere taller cate + 7,680/+369,000|......... 
dE 384 Sian he deteliecle ess liatareta wie +1.0 AS iO) ci ooh pal OBO euereersvsle +369, 000 
Si = cD 384 4 +1.0 OG r5O Fer onerarers ney |\ oeueteusw| Koiieper tes eupil ie cuaees auch sca leretsfehey fous «ills care kenmiece ate 
S2 = De 384 yD cenernee ny tonlrmsecaraens +1.0 OGRO retract eeae a Sell oreratts chetace.cll sere cea oneees 
beng Raye) sl 'gicev Savas Leet 182.52).......|182.52)/+15.35)........|/+415,000/+415,000 
7, t 1 4, ber 
Suniel Sui + Seal 8 8 oe gee a et) ws 
+1,310 |—41,890)/—72,000/+ 360,000)......... she + 8,400; —63,600} CD 
+1,310 |—41,890|/—72,000|........... +360,000) ae |— 700) —72,700| DE 
+1,310 |+39,710)+48,000/— 360,000)......... sven + 8,400|+56,400} cd 
+1,310 |-+39,710)-+48,000)........... — 360,000 atte _ 700) +47,800| de 
me +1,640 |— 4,360)/—30,000)/+ 588,000)......... aie +10;500)—19,500) Ce 
0 +1,640 |+ 3,280 0 0 0 0 +10,500|+ 9,620) Dd 
+1,640 _ 880 
+1,640 |— 4,360 OMe Keesiepersvoreveteis ce 0 fae — 880} — 880| He 
—2,100 |+ 5,580)+38,400)+1,845,000]......... Ae —13,440|+25,060| Cd 
—2,100 (+ 5,580 Qi Waiicie skcre- ocr eos. 0 oe + 1,130)/+ 1,130) dz 
saa LC Oa — ere LOO Papaststeus t-venel| oa) sits) abeusicransre [felereNeye tere, © dante —13,440|/—13,440| cD 
ae ame fetes OD ls. aa. s.sts1.6l,0"lsia aves) aye ahs aul oles: 6 wore + 1,130)+ 1,130) De 
ce Retdedon. ir cabicec cal euicac ener +2,433,000 0 
a a IE ——————E——————————EE ee 


396 STRESSES IN FRAMED STRUCTURES [Sec. 5-10 


On substituting the values of the several summations in the above 
equations, we have the following simultaneous equations: 
Dead Load Stresses 


182.528; + 15.3858, = —415,000 
15.8581 + 182.52S, = —415,000 

On solving these equations, we have 
S,; = S, = —2,100 lb. compression. 


From Eq. (8) values of S have been calculated, as given in the table. 
Inve Load Stresses 


182.528; + 15.358, = —2,433,000 
15.358; + 182.528, = 0 
from which 
S; = —138,440 lb. compression. 


Se = -- 1,130 lb. tension. 


Resulting values of S are given in the table. 

On examining the values of final stresses S, it will be noted that for 
dead load, the stress in the main diagonal Cd is 5,580 lb. tension and the 
stress in the secondary diagonal Dc is 2,100 lb. compression. Hence the 
main diagonal carries about 73 per cent of the shear on a vertical section 
through panel cd. For live load, stress in Cd = 25,060 Ib. tension, stress 
in De = 13,440 lb. compression. In this case, the main diagonal carries 
65 per cent of the shear. 

In practice, it is usually assumed that when two rigid diagonals 
are provided in any panel, each member takes half the shear on the 
section. This assumption might be realized if both diagonals were of 
equal area. In Fig. 20, one diagonal has an area double that of the 
other. Hence the more rigid member receives the greater portion of 
the shear. 

10. Design of Structures with Redundant Members.—The design of 
structures with redundant members is in general a difficult matter. 
From the general equations given in the preceding articles, it will be 
noted that the areas of the members must be known before the stresses 
in the members can be determined. Where approximate methods are 
available, a solution for stresses may be made by these methods and 
the areas of members determined. The exact methods may then be 
applied to the resulting structure. In such cases it may be found that the 
true stresses differ from those determined by approximate methods to 
such an extent that revision of the sections become necessary. The 
process must then be repeated until finally an agreement between required 
and furnished area is obtained at least for a majority of members. It. 
can readily be seen that this is likely to result in long drawn out and 
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tedious calculations. In some cases a study of existing structures of the 
same general type will give some idea of the relative sizes of the members. 
If such data are not available, it may be assumed that all members are of: 
the same area. Stresses calculated on this assumption may be used in 
determining areas of members. The process may then be carried out as 
outlined above. It will be found that the use of influence lines will 
greatly facilitate the placing of loads for maximum stresses in the 
members. 

In general, it is impossible to obtain an exact agreement between 
required and furnished areas for every member in the structure. For 
example, in a structure containing one redundant, the distortion of 
this member is fixed by the deformation along the line of this member, 
of the necessary members forming the truss. Hence its unit stress is 
determined by the unit stresses in all other members of the truss. How- 
ever, this condition assumes importance only when the redundant 
systems composing the structure are of very unequal flexibility. This 
emphasizes the importance of so arranging the members that the redun- 
dant systems are as nearly as possible of equal flexibility. 


SECONDARY STRESSES 
By W: S. Kinne sige 


11. General Nature of the Problem.—The methods of stress analysis 
given in the preceding pages are based on the assumptionthat the mem- ~ 
bers are connected at the joints by frictionless pins which permit the _ 
members to turn at the joints.~ It is further assumed that the gravity 
axes of members coincide with the center lines of the truss, that all center 
lines meet at the pin center at each joint, “and that all loads are applied 
at the joints of the truss. Based on these assumptions it may be assumed 

‘Ethat all members are straight between joints for all loading conditions, 
“>and that the members are subjected only to direct stresses of tension or 
aa compression. Stresses calculated under these ideal conditions are known 

as the azial, direct, or primary stresses in the members. In the work to< 
follow the latter term will be used. 

In practice these ideal conditions are not realized. Where pin joints 
are provided, these are not frictionless as assumed, but offer considerable 
resistance to turning of members at the joints. Also, the members are 
not always straight, and gravity axes and center lines of members may not 
coincide. All of these departures from the assumed ideal conditions given 
above cause the truss members to be subjected to bending moments, 
shears, and axial stresses in addition to the primary stresses mentioned 
above. These additional stresses are known as secondary stresses. < 

The most important causes of secondary stresses in trusses are the 
bending of members due to rigidity of joints, eccentric joint details, 
and beam action where members act as beams to carry the weight of the 
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members to the joints or where applied loads between joints must be 
carried by the truss members. 

A general idea of the nature of the bending stresses induced in the 
members because of rigidity of joints may be obtained from Fig. 22. In 
Fig. 22a, the dotted lines show the outline of an unloaded truss. After 
the structure is loaded, all members are deformed and the structure is 
deflected to the position shown by the full lines, assuming the joints 
to be frictionless pins. This change in form of the truss is due to changes 
in the angles of the several triangles caused by the deformation of the truss 
members under direct stress. Thus at joint 2, angle B, of the dotted line 
figure becomes angle B, + dB, of the full line figure. The change in angle 
is represented by dB,. Similar 
conditions exist at other joints. 
Methods for calculating these 
angular changes are given in 
Art. 12. 

When the members at any 
joint are prevented from turning 
to accommodate themselves to 
the angular changes because of 
friction on the pin or because of 
rigid riveted connections, the an- 
gles between the members can- 
not change as shown in Fig. 22a. 
Since the joints of the truss must 
deflect to the positions shown in 
Fig. 22a, the members will be 
bent out of line, as shown by the heavy full lines of Fig. 22b. At joint 
2 of Fig. 220, the angles B; and B, are the Same as shown for the dotted 
line truss of Fig. 22a. At the ends of any member, as 1-2, Fig. 22b, the 
tangents to the elastic curve of the member make angles shown by 71. and 
T21. The determination of these angles and the resulting moments and 
fiber stresses will be given in the articles which follow. 

Secondary stresses due to eccentric joints and to beam action of truss 
members are due largely to continuity of members because of rigid joints. 
The moments and fiber stresses due to these effects are often large, as 
shown by the calculations and discussion given in the following articles. 
In general there are also certain axial secondary stresses concurrent with 
those due to ‘bending. However, these axial secondary stresses are 
generally so small that they may be neglected. 

The complete analysis of stresses in structures, as carried out in 
practice, does not in general include the determination of secondary 
stresses. Experience gained in practice, and checked by theory, shows 
that secondary stresses may be kept low if rules, such as those given in 
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Art. 24, are followed in designing the truss members. Since secondary 
stresses depend in general upon deformations of truss members, the pri- 
mary stresses must first be calculated, the structure designed, and then 
the resulting secondary stresses for the structure as designed may be 
determined. 

The method of secondary stress calculation which will be presented — 
in the following pages is based on certain fundamental principles first 
published by Professor Winkler in his ‘“Bruckenbau.”” The method of 
Winkler has been used in Modern Framed Structures Part II by Professor 
Turneaure, who has simplified the notation and devised schemes for- 
carrying out the calculations which has made this very useful method 
available for practical designing. The tabular forms used in the discus- 
sion which follows are modeled after the work of Professor Turneaure. 

12. Determination of Changes in Angles of Any Triangle Due to Dis- 
tortion of Members under Stress.—Let ACB of Fig. 23 show any triangle 
of a truss. Let a, b, and c represent 


the lengths of the sides of this triangle co 

and assume that S., S;, and S, repre- & 

sent the stresses in the members. As- 

sume these stresses to be tension. 

Required an expression for the change 

in angle CAB due tothe abovestresses. , 

Let a represent angle CAB, and let TIES C l. 

da = change in angle a. Re ee gs c R70) 


Since the deformations of members 
are all very small, compared to the Fic. 23. 
dimensions of the structure, da may 
be taken as equal to the sum of the angular rotations of members AC and 
AB. The angular rotation o, of member AC is equal to the deflection of 
C along a line x-a~ perpendicular to AC plus the deflection of A along line 
y-y perpendicular to AC, divided by 8, the length of AC. That is 


The derivation of this equation, which is Eq. (1), p. 362, is given in Art. 
2a, p. 361, where the notation is also explained. In the case under 
consideration values of u are to be determined for 1-lb. loads acting 
along lines z-2 and y-y. It can readily be seen from the above equation 


1 : een 
that the result will be the same if loads of j Ib., acting as shown in Fig. 23, 


1 P 
are substituted for the 1-lb. load. In the same way, loads of y; acting 
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perpendicular to AB will give the angular rotation of AB. Adding the 
angular rotations thus obtained we have . 


Get =. ya ay (1) 
in which values of u are to be determined for the loading conditions shown 


on Fig. 23. By the methods of statics it can readily be shown that the 
several values of wu are as follows: 


tte = +7 osc 
1 
Uw = =F CORY 
and 
Vk = Seat 
oe Fats 


Plus signs indicate tension, minus signs indicate compression. In Eq. 
S F ; : E 
(DY ha unit stress in any member. Let sa, so, and se = unit stresses in 


the several members, assumed to be tension in each case. On substitut- 
ing in Eq. (1) values of wu as given above, and lengths of members as shown 
in Fig. 23, we have 


da = . (Sada + Sobuy + s.cule) 


da 


aCe csc B — & cot y — s- cot 2) 


If AD be drawn perpendicular to CB, it can readily be shown that AD = 
a a 
coty + cot B c sin B 


cot 8. On placing this term in the above equation, we have finally 


a a 
Now ¢ 8 B= Way Hence = csc B = coty + 


1 
da = i [(sa — 8) cot y + (sa — 8c) cot 6] (2) 
In the same manner, we derive for angles 8 and y, the values 


dp = fll — Sa) cot y + (8, — 8<) cot al (3) 


and 


dee = (Ga eee a (4) 


These angular changes are positive, or increasing, when the sign of the 
result is positive and decreasing when the sign is negative. 
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As a check on the calculated values of angular changes in any triangle, 
we have da + d8 + dy = 0. 


Dlustrative Problem.—The triangle of Fig. 24 forms a part of a truss system. 
Unit stresses and lengths of members are as shown on the figure. Calculate the 
angular changes due to the given unit stresses. 

For the given dimensions, cot a = 1549 = 34, cot 8B = 0, and cot y = 2%5 = 44. 
E = 30,000,000 lb. per sq. in. 

From Eas. (2), (3), and (4), 


oa 1 4 
da = 30,000,000| (18,000 + 8,000) G) + (16,000 — 10,000)(0) | 


= +0.0010667 radians. 

—, ae ee — 4 2 
d3a— Aa 8,000 — 16,000) (3) + (—8,000 — 10,000) G)| 

= —0.0015167 radians. 


and. 


ap ak eee 3 
= 30,000,000 (10:000 + 8.000)(7) + (10,000 — 16,000)(0) | 


= +0.0004500 radians. 


dy 


As a check note that the sum of the angular changes is zero. Since there are 57.3 
deg. in one radian, expressed in circular measure, d@ = (0.0015167) (57.3) (60) = 
5.214 minutes. 


A 
ae 
v4 


| 


eG) 
000 0/4=°5 


I 


13. Moments at the Ends of a Beam in Terms of the Deflection 
Angles.—In Fig. 22, the members of the truss are shown as bent out of 
line due to the deflection of the truss. Figure 25 shows member 1-2 
removed from the structure. The tangents to the elastic curve at the 
ends of the member make angles with the original axis 1-2 which are 
indicated by r12 and 72. In order that the member may assume the form 
shown in Fig. 25, moments M, and M, and shears V; and V2 must act 
at the ends of the member. Since the deformations are relatively small 
the effect of the axial stress in the member may be neglected in determin- 


ing the end moments. 
From Fig. 25, the deflection angles at the ends of the member have 


Ao ' : 
the values 721 = = and ti. = i Values of A; and A; may be determined 


26 
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arabes eae M ae , 
by substitution in equation ae aT which is the general equation of the 


elastic curve for a bent beam or member. 
With respect to an origin at 2, the moment at 2, Fig. 25, due to forces 
to the right of that point is 


WL, == MMs = Vox 


My + Ms 
els 


From moments about 1, V2 = Then 


Mie aa = Ms); 


On substituting this value of M, in the general equation of the elastic 
curve, we have 


d?y &> 
HIT. = M, — (MM, + M2) 5 


Integrating twice, 


; d pe 
EI = Mx — (Mi + M)5 +0, 
and 
Myx? 3 
TT ee Matt re te 


To determine the constants of integration, note that when « = 0, 
d 
ee = Oandy =0. Hence C; = OandC, =0. From Fig. 25, note that 
y = Ai, when « = 1. We then have finally, 


A l 
DS aye PANES ait) (5) 
By a similar process it can be shown that 
A l 
Te (eM) (6) 
On solving Kas. (5) and (6) for M; and Ms», we have 
2EI 
My = ar (2712 +721) (7) 
and 
2HT 
M, = igi (2721 + 712) (8) 


In Kgs. (5) to (8), counterclockwise moments and deflection angles will 
be considered as positive. 

The values of end moments M, and M, given by Eqs. (7) and (8) 
depend upon values of 712 and 721, the end deflection angles. These 
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angles may be either positive or negative. The character of the end 
moments and the shape of the elastic curve of the member therefore 
depend upon the relative magnitude and character of the end deflection 
angles. Figure 26 shows three typical cases which may be encountered. 
It is to be noted that for each case shown in Fig. 26 there is a parallel 
case in which the signs of the end deflection 


angles are opposite from those given. 4 u 
Cases I and III represent double curvature (s+) 
and Case II represents single curvature. a % 


A special case of Case II occurs when Case Ty and Tp, Positive 
T21 is negative and equal to 2riz. Then RC Aig 
from Eq. (7), Mi = 0, or, point 1 is hinged. 

Hence, when a moment acts only at one J es % 
end of a member, the other being hinged, (ey 
the end deflection angle at the free end 

is one-half the angle at the restrainedend. 60%. Pie ie My reatie Meena 
Cases II and III show that the character ) 

of the moment at the end of a member 


cannot be determined from the sign of the . 
deflection angle at that end of the mem- (—= 
ber. The combined effect of end deflec- Y Te be 


tion angles must be considered, as indicated Case Tiz Positive, To Negative and 
by Eqs. (7) and (Sy: Greater than 2Tia.M, ee Mp Positive 


Illustrative Problem.—Assume that the angu- Fic. 26. 
lar changes calculated in the problem on p. 401 are 
taken by member AC of Fig. 24 and calculate the bending moments at the ends of 
the member. The moment of inertia of the member is 4,500 in.4 (Note that these 
assumed conditions do not exist, for the angular changes of Fig. 25 affect both mem- 
bers entering the joints in proportion to their relative rigidities. ) 

Let r,, = deflection angle at A, Fig. 24, and let r,,.= deflection angle at C. 
Then from the results given on p. 401, subject to the assumptions made above, we 
have t,4, = da = +0.0010667 and 7,, = dy = +0.0004500. From Has. (7) and 
(8) with EZ = 30,000,000 lb. per sq. in.; J = 4,500 in.*; and J = 25 ft. = 300 in., we 
have 


MeeM pe Se [(2)( -+0.0010667) — 0.004500] 


= + 2,325,000 in.-lb. 
Mz = M, = 2) (80,00) HOG 200) [(2)(+ 0.00045) + 0.0010667] 
= + 1,770,000 in.-lb. 
Note that the curvature of the member and the character of end moments are covered 
by Case I of Fig. 26a since r,, and 7,, have a positive sign. 


14. Equilibrium of a Joint.—Since any structure as a whole is in 
equilibrium, every part of that structure must also be in equilibrium. 
In Fig. 27 joint 2 of Fig. 22 is removed from the structure with all forces 
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in position. Assuming that the direct stresses meet at point 2, their 
moment is zero about that point and the joint is held in equilibrium 
by the moments induced by the bending of the members and by other 
moments due to the shear in the members acting at distances d1, ds, etc. 
from the intersection of the members. These moments and shears are 
equal and opposite to those at the ends of the members shown in Fig. 25. 

In general, the moments due to shears are very small compared to 
those due to bending. The moments due to shear may then be neglected 

without appreciable error. On this assump- 

tion, the conditions of equilibrium for joint 
Se 2 are that 


=M, = Me + M23 + Mor = 0 (9) 


In this equation Mz, = moment at joint 2 
in member 2-4. Using the same scheme of 
notation, Ms. = moment at 4 in member 
2-4. This notation for moments will be 
adopted in the work which follows. 

The conditions of equilibrium expressed by Eq. (9) may also be 
written in terms of end deflection angles by substituting in place of the 
several moments their values as given by Eqs. (7) and (8). To secure 
uniform notation for angles and moments, let to, = deflection angle at 2 
for member 2-4, and use similar notation for other angles. We then have 
from Eq. (9) and Eqs. (7) and (8) 


ae 


Wee Be 


2s 


2M. = (2721 ++ 742) + ——= (2703 + Tae) 


te 


ee tks => 0 


— 


Each term in tine en contains a Seana: . Let i- = Ky with a 


subscript which will indicate the member in question. Alber dividing 
by 2H, the above equation becomes 


Koa(2t24 + Tw) + Ko3(2t23 + 732) + Koi(2721 + T12) = 0 (10) 


Equation (10) is the fundamental condition equation which expresses 
the requirements for equilibrium of any joint in terms of the deflection 
angles at the ends of the members entering that joint. 

Condition equations similar to Eq. (10) may be written for each 
joint in the structure, giving as many equations as there are joints. 
However, the values of 7 in Eq. (10) are all at present unknown. Since 
there are two values of 7 for each member, it can be shown by Eq. (1), 
p. 379 that for a truss with m joints, there will be 4m-6 unknown values of 
t. As there are only m conditivn equations (one for each of the m joints) 
the values of + cannot be determined from the available condition 
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equations of the form of Eq. (10). In the following article, methods 
will be given for reducing the number of unknowns so that the equations 
can be solved. 

15. Values of Deflection Angles in Terms of Angular Changes. 
Reference Deflection Angles.—The number of unknown deflection angles 
at any joint can be reduced to one by p; 
means of certain geometrical relations 2 4 
which exist between the several angles at 
any joint. Figure 28 shows the condi- 
tions at joint 2 of Fig. 22. In Fig. 28, 
B, and B, are the original angles between 
members 2-4 and 2-3, and 2-3 and 2-1. 
Angular changes in these angles are repre- 
sented by dB; and dBz. The end deflec- 
tion angles for the several members are 


/ 


represented by r24, 723, and 721. Bi. 522 
From Fig. 28 it can be seen that 
T23 + By = Bead Di 74 
or 
FOR = TPO! a. dB, (11) 
Again 
to + Bo + Bi = B, + dB. + Bi + dBi + 124 
or 


CL PLN ar dB, ste dB. (12) 


In Eqs. (11) and (12), the value of a given deflection angle is expressed 
in terms of one of the deflection angles, which will be called the reference 
deflection angle, and the sum of the angular changes in the angles between 
the reference deflection angle and the given deflection angle. The 
values of the angular changes dBi, and dB; 

ae Cee Re of Eqs. (11) and (12) can be calculated from 

‘ NN / XS Eqs. (2), (3), or (4) as soon as the form of 

TF ENV done >, truss and loading conditions are known. 

: ic : ie ‘eo Therefore, all deflection angles at any joint 

may be determined in terms of a single 

unknown reference angle and known angu- 

lar changes. In this manner the total number of unknown for the entire 

structure can be reduced until they are equal to the number of available 
condition equations. 

The reference angle for each joint may be taken as any convenient 
deflection angle. However, in order to simplify the arranging of cal- 
culations in tabular form, it is best to have some standard method of 
choosing the reference angles. The following rule will be adopted in 


Fie. 29. 


— 
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the work which follows: The reference angle for any joint will be taken 


as the deflection angle of the first member encountered in passing around 


that joint in a clockwise direction, beginning on the outside of the truss. 
The reference angle will be denoted by 7 with a subscript corresponding 
to the joint notation. Thus in Fig. 29, 71, 72, 73, etc. indicate the reference 
angles as selected by the above rule. 

The above notation for reference angles will now be introduced into 
Eqs. (11) and (12). We will first adopt some convenient form of notation 
for the summations of angular changes which appear in these equations. 

24 


Let >dB = sum of angular changes in angles between members 2-4 and 


23 
24 


2-3 entering joint 2, which in this case is angle B, of Fig. 29; also, >dB = 
21 


sum of angular changes for all angles between members 24 and 21 of 
Fig. 29, that is, angles B; and B,. Equations (10) and (11) then take 


the form 
24 


T23 = 12 + dB 

ey (13) 
T21 = T2 + >aB 

21 


16. Equilibrium Equation for Any Joint in Terms of Reference 
Angles.—Values of deflection angles expressed in the form of Eq. (13) 
may be substituted in Eq. (10), giving an equilibrium equation for the 
joint in terms of the reference angles. On examining Eq. (10), which is 
written for joint 2, Fig. 29, it will be found that deflection angles for 
joints 1, 3, and 4 are involved. Expressed in the form of Eq. (18) 
these angles are as follows for the conditions shown in Fig. 29: 


Joint it ily SF 7 


31 
Joint 3; 732 — T3 + Dac 
32 


46 
Joint 4; UL Oe Spark “+ aD 
42 
On substituting these values in Eq. (10) we have 
46 
Ka( 2r apap av) 
24 i 31 
+Ku(2r + 23)dB +73 + Sac) 
23 32 


24 
+Ka( 2rs of 2>/dB ue rs) = 0 
21 
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This equation may be written in the form 
24 24 
2ro(Kor + Kes + Kos) + 2 Kus SB = Kus QB) 
1 
31 ; or 
+ (Kem) + (Kors + Ku Sac) + (Kar, + Ku SC) 
32 32 


46 : 
2 (Kur S Ky SD) =0 (14) 
42 


Equation (14) is the general form of the independent equilibrium equation 
for joint 2 of Fig. 29. This equation contains as unknowns the reference 
r for joint 2 and the reference 7 for the joint at the opposite end of each 
member entering joint 2. The equation also contains certain known 
quantities which depend for their values upon K and the end deflection 
angles for the several members. 

For convenience in tabulation, Eq. (14) may be written in the more 
general form 


ol(2K)r, + 2(K2d 2) + | Kur 4A Ka Sd z| mn 


(similar terms for other members entering joint n) = 0 (15) 


In this equation the notation is as follows: Let n = any joint (for 
example, 2 of Fig. 29); let mn represent any member entering joint 2 
(say 42 of Fig. 29); and let m represent the joint at the far end of member 
mn (say joint 4 of Fig. 29). A little study of Eq. (14) with this notation 
‘in mind will make clear the meaning of Eq. (15). Further explanation 
of the use of Eq. (15) is given in the problem of Art. 19. 

Equations similar to Eq. (15) may be written for each joint in the 
structure. The resulting equations form a set of linear simultaneous 
equations containing as unknowns the values of 7 for the several joints 
of the truss. Since the number of unknowns is equal to the number of 
independent equations, the values of 7 are readily determined. 

17. Moments and Fiber Stresses in Terms of r.—Having solved the 
linear simultaneous equations of the form of Eq. (14) and determined all 
values of 7, the deflection angles at the ends of each member may be 
determined by means of equations of the form of Eq. (13). On substitut- 
ing values of these deflection angles in Eqs. (7) and (8), moments at the 
ends of the several members may be calculated, and from these the 
extreme fiber stresses are readily determined. 

For any member nm, the moment at n is 


Mam = THINS AOR ee ae Tmn) (16) 


—_— 
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in which Kyg = : = moment of inertia of cross-section divided by length 


of member. — 
If fam = fiber stress at n in member nm, we have 


M 2H 
Wea a ae = = (2ram ap Tan) Ze 


ja ee ee 


in which c = distance from neutral axis to extreme fiber. 

18. Arrangement of the Calculations.—The determination of second- 
ary stresses by means of the method outlined above is greatly facilitated 
by the use of convenient and systematic methods of tabulating the 
calculations. For convenience the work will be divided into the follow- 
ing stages: (a) Determination of primary unit stresses due to the applied 
loading; (6) determination of angular changes by means of Eqs. (2), (3) 
and (4) of Art. 12; (c) tabulation of values of angular changes and cal- 


(17) 


re) 4 VL 6 // 


eae 2th 
29:9" 
ey 
/ Ci ie Cn ae) 2 
SoS sie 6@26-8=/60-0"-------+ 
Fie. 30. 


culation of 2dB, ZdC, etc. of Eq. (14) which will hereafter be re- 
ferred to as ZdZ; (d) formulation of the linear equations similar to ~ 
Hq. (15) for each joint; (e) solution of these equations; and (f) calcula- 
tion of values of 7, and the moments and secondary fiber stresses in the 
several members. 

The general process of secondary stress calculation as given in the 
preceding articles will be illustrated in the following article by means of 
a problem. 

19. Calculation of the Secondary Stresses in a Riveted Warren Truss. 
The secondary stresses in the members of the truss of Fig. 30 will be 
calculated assuming that the truss is loaded with 1,000-Ib. loads at each 
lower chord joint. Table A gives the properties of the members of the 
truss. In column 5, ¢ = distance from extreme fiber to neutral axis. 
Where the member is unsymmetrical about the neutral axis, 7’ denotes c 
for top fiber, B denotes c for bottom fiber. In numbering the joints of 
the truss, it will be found convenient to follow the order in which the 
joints would be taken in determining stresses by the method of successive 
joints. 


Sec. 5-19a] 
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TaBLe A v4 


4, 


Properties of Sections” 


tf 
Area 
Length : z 
Member (sq. Gn) I (in.4) ¢ (in.) i = A 2 ; Make-up of section 
in.) ‘ 
(1) (2) (3) (4) (5) (6) (7) (8) 
1-3 60.92 | 472.75 |3,612.5 |T 8.275 | 7.6415 |T 0.03008 i) Gpons LAG eee Ne eee 
B 12.850 B 0.054365) 4 ls 344” X 3144” X 5” 
2 Web Pils. 20” X 34” 
3-4 56.94 | 320 3,408.9 |7 8.378 |10.652 |T 0.052360 ib Cove, 1b PRY Se GY 
4-7 B 12.747 B 0.079670] 4 Is 334’ X 318" XK 54” 
2 Web Pils. 20” K 146” 
1-2 36.64 | 320 2,103.4 10.75 6.5732 0.067190] 4 Is 314” XK 334” XK” 
2-5 2 Web Pils. 21’ X %6” 
5-6 63.20 | 320 3), 200.0 10.75. |10.113 0.067190) 4 Is 334” XK 314” X ka” 
4 Web Pls. 21” X%e6 ” 
2-3 19.32 | 348 119.50 6.1875| 0.34340] 0.035562) 4 Is 6” x 4” X 34/’ 
4-5 1 Web Pl. 137 x 33’ 
6-7 
3-5 re 4 ls. 6” ane MS 1hi6” 
83.72 | 472.75 235.34 6.3125) 0.49780] 0.026704 1 Web Pl. 13” X 34” 
5-7 29.42 | 472.75 805.40 7.50 1.7036 0.031730) 2 [s — 15” @ 50 lb. 


19a. Calculation of Primary Unit Stresses.—Since the truss: 
and its loading are symmetrical about the center of span, stresses need 


Center line 
of truss 


| Cot ac=10875 
Cot 8 =09/954 
Cot t=O 


Fre. $i. 


> shown on Fig. 31. 
} given in pounds per square inch. 
| To assist in the calculation of an- 


be determined only for one-half 
the structure. Methods of calcu- 
lation are given under Stresses in 
Trusses with Horizontal Chords. 
The unit stresses in the members 
of the left half of the truss are 
All values are 


gular changes, the several unit 
stresses have been labeled accord- 
ing to the notation used in Eqs. 


(2), (3) and (4). This procedure is of considerable assistance especially 


for one unfamiliar with the methods 


of calculation. 


196. Calculation of Angular Changes.—For convenience in 


making the calculations, the angles 


spond to the angle notation used in the derivation of Eqs. 


in Fig. 31 have been labeled to corre- 


(2), (3), and 


\/ 
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(4). As stated in the preceding article, this has also been done for the 
unit stresses in the members. Each triangle has been designated by a 
letter, as shown on Fig. 31. 

Since the angles in all triangles are similar, values of cot a, cot B, and 
cot y may be determined and placed in a convenient position on Fig. 31. 
The calculations for angular changes are as given below. Note that the 
sum of the angular changes for any triangle total zero, 

In carrying out the calculations for angular changes as given by Eqs. 
(2), (3), and (4), the value E will be omitted for the present. In this way 
vonsiderable difficulty will be avoided in locating the position of the deci- 
mal point. Later in the work it will be found that the determination of 
moments and fiber stresses requires a multiplication by E. It will 
simplify the calculations to omit £ in both places. 


Taste B.—ANGULAR CHANGES, TRUSS oF FIG. 30 


2132 = da = (462.741 + 55.750) cot B = +108.95 
AA 4} 4213 = dg = (+51.760 + 55.750) cot a = 1116.92 
2321 = dy = (—55.750 — 51.760) cot « + 
(—55.750 — 62.741) cot 8 = —225.87 
£235 = da = (+62.741 — 60.431) cot B == 2.1247 
AB { £352 = dB = (+51.760 — 60.431) cot « =— 9.4298 
2523 = dy = (+60.431 — 51.760) cot a + 
(+60.431 — 62.741) cot 8 = + 7.3057 
2354 = da = (—64.597 — 60.431) cot 8 = —114.97 
AC }; 2435 = dg = (0 — 60.431) cot @ =.= 65572 
2543 = dy = (+60.431 — 0) cota + 
(+60.431 + 64.597) cot B = +180.69 
4457 = da = (—64.597 + 23.088) cot B = — 38.169 
AD } £574 = dg = (0 + 23.088) cot a = + 25.108 
2745 = dy = (—23.088 — 0) cota + 
(—23.088 + 64.597) cot 8 = + 13.061 
, 2576 = da = (+65.473 + 23.088) cot 8 = -1 +81 437 
AE ; £657 = dB = (+51.760 + 23.088) cot a = + 81.398 
£765 = dy = (—23.088 — 51.760) cot a + 
(—23.088 — 65.473) cot 8 = — 162.835 


AF same as AEB 
AG same as AD 


19c. Calculation of Values of SdZ and K=SdZ.—Since 
the structure and its loading are symmetrical about the center of the 
truss, the tabulations of Table C need be carried only to the truss center. 
If the truss or its loading is unsymmetrical, the tabulation must include 
all joints of the truss. 

Column 1 of Table C contains the joints taken in order. Column 2 
contains the angles at the several joints, beginning with the angle nearest 
the reference 7 for that joint. Thus for joint 3, Fig. 31 shows that 
the angles in order, beginning at the reference angle 73 are 435, 532, and 
231, which is the order given in Table C. Column 3 gives the angular 
changes dZ which have been calculated in Table B. Column 4 gives 
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the summations of values of dZ given in column 3. Thus for joint) 
3, the angular change for 2435 is —65.72 and for 2532 the angular \ 
change is +2.124. The sum of these changes, which is —63.60, is ( 
recorded opposite 2532. Careful attention must be paid to the sign | 


of the result in every case. In column 5 the members meeting at any \ 
joint are given. These members are listed in the order in which they | 


are encountered in passing around the joint to the right beginning at / J 
the reference angle: Note that the joint number is stated first, and 


i geo 
TaBLe C.—VALUES OF 2dZ AND K>dZ 
Joint te dZ DdZ Member K KxdZ 
(1) (2) (3) (4) (5) (6) (7) 
1-3 7.6415 
1 312 +116.92 +116.92 1-2 6.5732 + 768.53 
14.2147 768.5: ; 
7 3 Kg 
Dah 6.5732 
"123 OPIS Oy —225.87 2-3 0.3434 Sse 
2 325 + 7.8057 | —218.57 2-5 6.5732 —1,436.704 
13.4898 —1,514. 267 
3-4 10.6520 
435 = 6B EGON TS 8-5 0.4978 = BFA 
532 + 2.124 | — 63.60 3-2 0.3434 — 21.840 
3 231 +108 .95 + 45.35 eT 7.6415 +346. 542 
19.1347 + 291.986 
4-7 10.6520 ° 
745 + 13.061 + 13.061 4-5 0.3434 4+ 4.485 
4 543 +180.69 +193.75 4-3 10.6520 +2,063.825 
21.6474 +2,068.310 
5-2 6.5732 
5 253 — 9.4298 | — 9.4298 5-3 0.4978 — 4.6492 
354 —114.97 —124.40 5-4 0.34384 = AD ie) 
457 — 38.169 —162.57 5-7 1.7036 — 276.954 
756 + 81:398 | — 81.172 5-6 10.1130 — 820.892 
19.2310 —1,145.214 
6-5 10.1130 
6 567 —162.835 | —162.835 6-7 0.3434 — 55.915 
769 —162.835 —325.670 6-9 10.1130 —3, 293.501 
20.5694 —3,359.416 
7-8 10.6520 
7 879 108 | + 25.108 7-9 1.7036 ee rae 
976 + 81.437 +106. 545 7-6 0.3434 + 36.587 
675 + 81.437 | +187.982 7-5 1.7036 + 320.246 
574 108 | +213.090 7-4 10.6520 +2 ,269.835 
25.0546 +2, 669.442 
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note also that the angle between any two niembers is listed on the same 
line as the member more remote from the reference angle. Thus at joint 


») 8, 2532, which lies between members 35 and 32, is listed on the same 
/ line as member 32, which is further from the reference angle 73 than is 


member 35. Column 6 gives the values of K for the several members as 
recorded in Table A. Finally column 7 gives the products of K column 
6 and 2d Z column 4. The totals of values of K and Kd Z for each 
joint are also given in columns 6 and 7. 
19d. Formulation of Equations.—In general, independent 

equations of the form of Eq. (15) are to be formulated for each joint of 
the structure. However, if the truss and its loading are symmetrical 
about the center line of the span, there will be some member. whose 
position with respect to the axis of symmetry of the truss is such that 
the end deflection angles for this member may be determined from the 
character of the bending to which the member is subjected. Thus in 
Fig. 30, the center vertical 6-7 is undeformed under symmetrical loading. 
This is evident when we consider that the effect of the deformations of 
members to the left of 6-7 must from symmetry be equal and opposite 
to the effect of members to the right of 6-7. Hence 6-7 remains straight 
and its end deflection angles 757 and 775 are each equal to zero. Then, as 
shown below, values of 7s and 77 may readily be determined. Again, 
suppose the vertical 6-7 of Fig. 30 is not present and that the center 
portion of the truss is formed by the triangle 579. In this case, the 
bending of member 59 is the same at each end and the character of its 
curvature is as shown in Case II, Fig. 26, subject to the condition that 
T59*= —T95. Also, 775 = —r79. It is then possible to determine rz and a 
value for ry) may be determined in terms of 75. The equations may then 
be solved as in the problem under consideration. 

The formulation of equations for the truss of Fig. 30 will be explained 
in detail, using as an example joint 3. Noting that members 4-3, 5-3, 
2-3, and 1-3 enter joint 3, Eq. (15) takes the form 


2[rs(2K for joint 3) + 2(K2=d Z) for joint 3] 
[raK 43 + Kas(Zd. Z for member 4-3)] 

[rsK53 + Kss(Zd Z for member 5-3)] 

[r2K23 + Ko3(Zd Z for member 2-3) | 
+[riKis + Kis(Zd Z for member 1-3)] = 0 


+ 
+ 
a 


All values listed above are given in Table C. Thus, (2K for joint 3) 
and 2(KzdZ) are given respectively in columns 6 and 7 of Table C. 
The first term is then 2[19.134773 + 291.986]. The remaining terms 
are found under the joint whose number appears first in the member 
notation and in the line containing that member. Thus for member 4-3, 
we find under joint 4 for member 4-3 that K = 10.6520 and KidZ = 
2,063,825. Then the complete term is 10.6520r, + 2,063.825. Values 


Sec. 5-19d] SHCONDARY STRESSES 413 


for the remaining members are as follows: Member 5-3, 0.49787; — 
4.6492, member 2-3, 0.34347. — 77.563; and member 1-3, 7.64157; + 0. 
On collecting these several terms, and combining the numerical quantities, 
we have finally, 7.64157, + 0.34347. + 38.269473 + 10.65274 + 0.497875 
= —2,565.585, which is the independent equilibrium equation for joint 3. 

A convenient tabulation for the formulation of these equations is 
given below. The first line gives the joint under which the values are 
obtained, and the second line gives the member whose values are required. 
At each joint, the first quantity recorded is twice the summations given 
for the joint in question under columns 6 and 7 of Table C. The tabula- 
tion for all joints follows. 


Taste D.—FoRMULATION OF EQUATIONS 


Joint Member | 7 Values Absolute terms 
ZL za c 7 5 
iL 22 28 .429471 +1,537.06 
3 3-1 7.6415 73 346.54 
2 ei 6.573272 
Joint No. 1 ee 
1,883.60 
9842947, += 6.573827. 4+ 7. 64ld7e, = — 1,883.60. ...5..4.. 5. (1) 
2, 2) 26 .9796r2 —3,028.534 
1 1-2 6.573271 + 768.53 
3 3-2 0.343473 — 21.840 
Joint No. 2 dS 
5 5-2 —2,281.844 
6.57327, + 26.9796r2 + 0.343473 + 6.573275 = + 2,281.844 (2) 
3 Dy) 38 . 269473 + 583.972 
4 4-3 10.652r4 +2 ,063.825 
5 5-3 0.497875 — 4.6492 
2 2-3 0.343472 — 77.563 
Joint No. 3 —_ 
il 1-3 7.641571 +2 ,565.585 
7.64157, + 0.3434r2 + 38.269473 + 10.6527, + 0.497875 = 
DP} KOS, BOs s bclsooe eu 0400'e 5c Ob Bod 7 SHO u OOD ONO a Ome CaO (3) 
4 Da >a) 43 .2948r4 +4,136.620 
a 7-4 10.652077 +2 ,269.835 
5 5-4 0.343475 — 42.719 
3 3-4 10.652073 
Joint No. 4 
+6 , 363.736 
10.6527r3 + 43.2948r, + 0.348475 + 10.652077 = 
ECGS ISU ne ere Cte OC 0 OO ICC aa (4) 


{ 
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TaBLe D.—ForMULATION oF EQuaTIons.—(Continued). 


Joint | Member | 7 Values Absolute terms 
> 
5 2> 38. 462rs —2,290. 428 
2 2-5 6.573272 —1,436.355 
3 3-5 0.4978rs — 382.716 
4 4-5 0.343474 + 4.485 
7 7-5 1.703677 + 320.246 
Joint No. 5 6 6-5 10.11376¢ 
—3, 434.768 


6.573272 + 0.49787; + 0.343474 + 38.46275 + 10.11376 + 
Ly 708677 fg -1-3 43407 OS pee eae es Sarat tet ee (5) 


Tabulations for joints 6 and 7 have not been included in Table D, for 
as stated above, symmetry of form of truss and loading conditions place 
at our disposal the following condition equations: At joint 6, t>7 =0; 
at joint 7,775 = 0. Values of re7 and 775 may be obtained from Eq. (18) 
and Table C, which gives in column 4, the values for any member corre- 
sponding to 2dB of Eq. (13). Thus for member 6-7, we may write sz = 
7, — 162.835 and for member 7-6, 775 = 77 + 106.545. On placing equal 
to zero these values of 757 and rz, we have 


tT, = +162.835 
and 


Tr = —106.545 


Equations (4) and (5) of Table D contain r, and r; which are now 
known quantities. These known values may then be inserted in these 
equations and the resulting absolute terms transferred to the right-hand 
side of the equations. The revised equilibrium equations then become 


8.429471 + 6.573272 + 7.641573 = — 1,883.60 (1) 
6.573271 + 26.9796r2 + 0.343473 + 6.573275 = + 2,281 .844 (2) 
7.641571 + 0.343472 + 38.269473 + 10.6527, + 0.497875 = — 2,565.585 (3) 
10.652 73 + 43.29487, + 0.34347, = — 5, 228.872 (4) 
6.573272 + 0.4978rs + 0.343474 + 38.4627; = +1,969.530 (5) 


19¢. Solution of Equations.—Equations (1) to (5) given at 
the end of the preceding article form a set of linear simultancous equations 
from which the several values of r may be determined. The general proc- 
ess involved in the solution of any such set of equations is the elimination 
of the unknowns one by one until finally a single equation is obtained 
containing only one unknown. The value of this unknown, when deter- 
mined, may be substituted’ back in the other equations and all of the 


| unknowns may finally be determined. 
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An order of elimination which tends toward uniform accuracy through- 
out the calculations is shown in Table E. Select first all equations which 
begin with 7:1. These are Eqs. (1), (2), and (8). Divide all terms in 
each of these three equations by the coefficient of r for its leading term. 
The resulting equations appear in Table E as Eqs. (1’), (2’) and (3’). 
To eliminate 7; from these three equations subtract the several terms of 
the equation having the least coefficients from the other equations of the, 
group. An inspection of the equations will determine which equation | 
is to be subtracted from the others. However, by a simple system of 
notation, the proper order of elimination can easily and quickly be deter- 
mined. In addition to the notation given in the left-hand column of 
Table E, let each equation be identified by its original equation number, 
which has been placed in the second column of Table E. Thus Eqs. 
(1’), (2’), and (8’) are also given the numbers 1, 2,and 3. Let these num- 
bers be called the reference numbers of the equations. Since the coeffi- 
cients of Eq. (1’) are smallest, this equation is to be subtracted from 
Eqs. (2’) and (3’). The coefficients of Eq. (1’) being small, Eqs. (a) and 
(b) obtained: by subtracting Eq. (1’) from Eqs. (2’) and (3°) will be quite 
similar to Eqs. (2’) and (3’). Therefore give Eqs. (a) and (b) the same 
reference numbers as the equations from which they were derived, that 
is 2 and 3, as shown in Table E. The next group of equations between 
which elimination is to be made are all equations beginning in r2. On 
examining Table E and the list of equations which are to be solved, we 
find that these are Eqs. (a), (b), and 5. Again divide by the leading 
coefficient, giving Eqs. (a’), (b’) and (5’), whose reference numbers as 
given in Table E are 2, 3, and 5. Here Eq. (a’) (reference number 2) 
has least coefficients and is to be subtracted from the others. Note that 
in each case where subtractions have been made, the equation with the 
least reference number was subtracted from the others. This will always 
be found to be the case. Therefore, the following rule may be stated: 
In eliminating between equations of any group, always subtract the 
equation with the smallest reference number from the other equations 
of the group. In this manner, the solution of the given equations 
has been carried out in Table E and the value of rs; = + 36.022 has 
been determined. 

The other values of 7 are obtained by successive resubstitution 
in the equations, beginning at the end of the table. In selecting the 
equation from which the value of any 7 is to be calculated, choose an 
equation in which the coefficient of the required 7 is large compared 
with the coefficients of 7 for the other terms. In this way any errors 
made in previous calculations become smaller. Such an equation may be 
obtained by selecting the first equation, reading from the bottom of the 
table, which has the same reference number as the subscript of the 
required 7. We then select the following equations from Table HE; 
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For value of 74, use Eq. (f’), reference number 4; for value of 73, use 
Eq. (c’), reference number 3; for value of rz, use Hq. (a’), reference 
number 2; and for 71, use Eq. (1’), reference number 1. 

As an example of the methods used in determining the several values 
of 7, consider the calculation for value of 74. Equation (f’) is 74 + 
0.0021992 7; = —116.22. As given in Table E, rs = +36.022. There- 
fore, rz = —116.22 — (0.0021992)(+36.022) = —116.30. Other values, 
obtained in a similar manner are as follows: 


7; = +36.022; Te = Ora 0s 
Tz = —19.361; T2 = + 96.349; and7, = —83.332. 


In carrying out any set of calculations of the type shown in Table E, 
it is desirable to make frequent check on the accuracy of the calculations. 
This may be done by substituting values of 7 as determined in one of the 
equations which has not been used in the resubstitution. Also, it is 
best to select some equation with large coefficients for the several values 
of 7, for in this manner any error which has been made will appear 
increased in magnitude. The desired check is obtained by comparing the 
value as obtained by substituting the several values of 7 in the left-hand 
side of the equation with the absolute term as given in Table E. Thus, 
having calculated values of rz to 7s, a check may be had by substituting 
these values in Eq. (b’). Such a substitution gives 1,446.7, as compared to 
the absolute term given in Table E. This check would be considered as 
very satisfactory. Ifthe two quantities differed by an amount exceeding 
say 5 per cent of the absolute term, a search should be made for the source 
of error before proceeding with the calculations. 

In carrying out any extended set of calculations such as those given 
in Table E, it is necessary that the same relative accuracy be main- 
tained throughout the work. Any number which is the result of slide 
rule calculation is generally subject to uncertainty regarding the value 
of the last significant figure. For example, the number 436,500 may 
have a value anywhere between 436,450 and 436,550. In reading such a 
number from the scale, we would probably decide to use four significant 
figures and read 436,500. Hence to maintain uniform accuracy, always 
retain the same number of significant figures, regardless of the position 
of the decimal point. Thus, the numbers 436,500: 43.65, 0.4365, and 
0.00004365 have the same relative accuracy, which is one in 4,365. If 
these numbers be written 436,500, 43.7, 0.44, and 0.00004, their relative 
accuracies become respectively one in 4365, one in 437, one in 44, and one 
in 4. Hence any set of calculations involving these numbers has an 
accuracy equal to that of the lowest value, or one in 4. In the calcu- 
lations given in Table E, five significant figures have been retained 
throughout the work. 
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TasLtE E.—SouutTion or EQuATIONS 
Ea. Ref. No. 71 T2 T3 T4 Th ES 
term 

1 28.429 6.5732 DEG MNS Ml oe AR el Sec coin Genet: — 1,883.6 
2 6.5732 26.980 OEYEO. losooodosour 6.5732 SL Of 
3 7.6415 0.34340 | 38.269 10.652 0.49780 |— 2,565.6 
1’ 0) 0.23122 ONZOSSOM rete ee coal ere atone cc ace — 66.258 
2 1.0 4.1048 QsORPMD veda cbadece 1.0 + 347.17 
Sn 1.0 0.044938) 5.0081 1.3940 0.065148 |— 335.75 
Be ailing SO De AA Gee Seen FYB |S OMAlGHS loos sdonoses + 1.0 + 413.43 
BAe Tigh Ot © Le Seen, — 0.18628 |+ 4.7393 |+ 1.3940 |+ 0.065148 |— 269.49 
Eee y alll sts wall rar eet om oe + 6.5732 |-+ 0.49780 |+ 0.34340 |+ 38.462 + 1,969.5 
Fe SU TE ae Nee ete + 1.0 = 0),OBQOE|s oo ocono one + 0.25815 |+ 106.730 
Baan ee SR eset tc = G0 425.442 |+ 7.48830 |+ 0.34970 |— 1,446.6 
Saf NI ee we aaa eames + 1.0 + 0.075735] + 0.052245) + 5.8515 |+ 299.62 
CUNO ee aR Seas eee Rice ke < 4+25.386 |+ 7.48830 |+ 0.60785 |— 1,339.9 
BP Sy | Goes ee Sev ger ochre + 0.13164 |+ 0.052245)+ 5.5933 |+ 192.89 
Sipe NN bone oe Wei ag ae teal eT he a 4+10.652 |+48.295 |+ 0.34340 |— 5,228.9 
pate ine S tate Nic ee ye esl Soa moses Bla) + 0.29478 |+ 0.023945 | — 52.781 
Lam eee ae EAR ne etek crclllsiociee eens + 1.0 + 0.39685 |-++ 42.488 + 1,465.0 
DES |e EZR i SBS be ates erie (a cg a 4 1.@ + 4.0638 |+ 0.032234 }— 490.85 
i el Ra CNG gee ea ae eee eee eee + 0.10207 |-+ 42.464 Se al alee 
Fi men |e eae mee ater al le Myer Cater te lhe eer ftenes cre + 3.7690 |+ 0.008289 |— 438.07 
aaa eS SE See ee ece at hacat sie eats + 1.0 +416.05 +14,870.0 
(mee Ree Wr eect NAR sesteyc\sra' st a 11.0 + 0.0021992/— 116.22 
at) ‘omelet cata cit ca cles Oy BO Soke cael reer coee +416.05 +14,986.0 
Fe lh is CP | pet eer aes | eee ene cee WA oe ee Preller oracles: S68 i) ESOL 022 


19f. Calculation of Secondary Stresses.—Having given 
the values of the reference 7 at the several joints, we may determine the 
end deflection angles for each member. Then from Eq. (16), the 
moments at the ends of the members are readily determined, and from Eq. 
(17) the fiber stresses may be calculated. Since # was omitted in cal- 
culating angular changes, as noted in Art. 196, E may also be omitted in 
substituting in Eqs. (16) and (17). 

A convenient tabulation for calculation of values of end deflection 
angles, moments and secondary fiber stresses is given in Table F. Col- 
umn 1 gives the members at the several joints listed in same order as in 
Table C. Column 2, Table F, gives the values of the reference r for 
each joint as calculated in the preceding article. Column 3 gives the 
values of Xd Z taken from Table C. Column 4 gives the values of the 
end deflection angle for each member. These are calculated from Hq. 
(13), which may be written in the form 

Tam =Tr + AZ pam 


Lea 
’ 
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Thus for member 4-5 at joint 4,7, = 74 = —116.30 and for member 4-5, 
2dZ = +13.061. Then 74; = —116.30 + 13.061 = —103.24. Other 
values are determined in the same manner. 
Column 5 contains values of the term (2tmm + Tmn) contained in Eqs. 
(16) and (17). To determine the value of this term for any member, as 
for example member 2-3 of joint 2, we may write the above expression 
in the form (2723 +732). The value of 723 is given for member 2-3, 
_joint 2, of Table Bfas —129.52. The value of 732 is found at joint 3 for 


~ member 3-2 as — 82.961. Then 


2723 + 732 = 2(—129.52) — 82.961 = —342.00 


the value which appears in the table. Other values are determined in 
the same manner. Column 6 contains values of K, which are taken from 


\ column 6 of Table A. 


Column 7 gives values of the moments at the ends of the members as 
determined from Eq. (16). These values are twice the product of the 
quantities given in columns 6and¥. We have in column 7 our first real 
check on the accuracy of our work. If the work has been correct, the 
sum of the moments at any joint will total zero. On examining the values 
given in column 7 for the several joints it will be found that the errors 
have been very small. Plus signs for the moments given in column 7 
indicate positive, or cownter-clockwise moments. 


Column 8 gives values of 2 2 which have been taken from column 7 


of Table A. Column 9 gives the values of secondary fiber stress f, as 
determined from Eq. (17). These values are the products of the quanti- 
ties given in columns ‘%and 8 of Table F. Plus signs indicate tension and 
minus signs indicate compression. The fiber stresses given are for the 
fiber of any member which is first met in passing around any joint in a 
clockwise direction. Thus member 1-2 is shown to have a plus, or tensile 
fiber stress. In passing around joint 1 of Fig. 31 in a clockwise direction 
the fiber of member 1-2 which is met first is the top fiber. The top is 
then the tension side of 1-2 at joint 1 and the bottom is the compression 
side. Where the member is unsymmetrical, as in the casa of 1-3, 3-4, 
and 4-7, two fiber stresses are given. The character of stress is deter- 
mined by the rule given above. Column 10 gives values of the primary 
unit stresses f, which are taken from the values given on Fig. 31 for the 
several members. Finally, column 11 gives the percentage of secondary 
stress for each member which is determined by dividing the value given in 
column 9 by the one given in column 10. The greatest percentage 
recorded is 28.8, which occurs in member 6-5 at joint 6. 

Figure 32 shows, greatly exaggerated, the nature of the bending of the 
members due to the applied loads. While Fig. 32 shows clearly the bend- 
ing of the individual members, it does not represent the true conditions 
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at the joints. For example, at joint 6, the tangents to the elastic curves 
for member 6-5 and the corresponding member to the right of joint 6 in 


a 4 Ta 


o 
Fie. 32. 


reality form a continuous horizontal line. Since the bending of the 
members and the deflection of the joints are so small compared to the 


o 
—— 


| Bottom 


Note: Shaded areas show ~~. 
secondary fiber stresses 
of the some character as 
the primaty Fiber stresses 


Ss 2) ¢ 
Secondary stress ED 


Kia. 33. 


dimensions of the structure, it is impossible to represent the true condi- 
tions on a sketch. It therefore seems best to show the bending of the 
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individual members, as in Fig. 32, and not to attempt to show the relation 
between the bending of members meeting at a joint. 

Figure 33 shows the secondary stresses plotted to scale on the members 
in order to give some idea of the relative values in the several members. 
The primary unit stresses in the members are also plotted to the same 
scale as the secondary stresses. 

20. Load Position for Maximum Combined Secondary and Primary 
Stresses.—The position of any set of applied loads which will cause 
maximum secondary stresses may be determined best by the use of 

influence lines. These influence lines 
are drawn for 1-lb. loads applied 
successively at the several panel 
points. Methods of calculation for 
these influence lines are similar to 
those used in the preceding article. 
Figure 34 shows the influence lines 

for several members. Figure 34a is 

_ the influence line for bottom chord 
~member 6-5 of Fig. 30. The tri- 
bans ie for angle abc is the influence line for 

@) primary stress in 6-5. The dash 

Limay 4 line figure adefc is the influence line 
for secondary stress at joint 6 for 
Influence Linesfor Member 6-5, and the full line fig- 
ne r4 ure aghkc is the influence line for sec- 
ondary stress at 5 for member 5-6. 
As can be seen from these influence 
lines, the truss is to be fully loaded 
intluenee lnes ror for maximum primary stress. For 
ba 53 secondary stress of the same charac- 

ter as the primary stress, joints 2, 6 

and 10 should be loaded for member 
6-5, and for member 5-6, joints 2 and 6 should be loaded. However, the 
secondary stresses are generally small compared to the primary stresses 
and it will therefore be found that the combined maximum fiber stress 
due to the primary and secondary stresses will occur for the loading posi- 
tion which will give maximum primary stresses. Figure 34b shows the 
influence line for the compression fiber of top chord member 4-7 and 
Fig. 34c shows the influence line for stress in diagonal 3-5. 

In general it will be found that the secondary stresses calculated 
for the truss fully loaded, as in the preceding article, will give a very 
good estimate of the secondary stresses likely to be encountered under 
any loading conditions. The Secondary stress relation desired is 
generally the percentage of secondary to primary stress in any member. 


line, GH 
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Since this percentage is generally not much affected by the load position, 
the values given in Table F may be taken as giving the maximum 
probable percentages for any loading conditions. 

21. Effect of Eccentric Connections.—In the calculations given in 
the preceding articles it has been assumed that the gravity axes of all 
members lie on the lines connecting the several joints and that the 
axes of all members at any joint intersect at a single point. Let Fig. 35 
represent the conditions at a truss joint 
where the axes of the members do not 
meet in a common point. Suppose the 
gravity axis of the horizontal member ac 


ON as 
to be located on the line ajc, at a distance ae b \ pipe 
é2 from its proper position at ac, and sup- we Bo ‘3 ¢ 
pose the axis of the inclined member ab | be 5s 
to be placed at a distance e; from its pro- Fic. 35. 
per position. Let S: and S; be the stresses 
in these members. Since these are internal forces their moment about 
any point will be assumed as positive for clockwise moment. If M. = 
moment of S; and S» about a, the joint center, we have 


M, = +Sie1 — See (18) 


Gravity axis 


In writing the equilibrium equations of Art. 14, moments such as 
M, of Eq. (18) must be included with the moments at the ends of the 
members. For eccentric joints in Fig. 27 Eq. (9) would then be written 


DM, = Mou + Mo3 + Moai + M. = 0 


On substituting in place of the several moments, their values in terms 
of the end deflection angles for the several members, and following 
exactly the same process as given in Art. 16, it will be found that Kq. (15), 
p. 407 takes the form 


2[(2K)r,n + 2(K 2d Z)] + |\Kmrs =a Kn >,d Z| 
se M. 
+ [similar terms for other members] + Oya 0 (19) 


Note that Eq. (19) differs from Eq. (15) only in the addition of the 
fh EM 
erm 55 


To illustrate the methods of secondary stress calculation when 
certain truss joints are eccentric, let it be assumed that the gravity 
axes of all top chord members of the truss of Fig. 30 lie 14 in. above 
the joint centers, and that the gravity axis of the end post members 
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lie. 34 in. above the joint centers. Assume, as in Art. 19, that loads of 
1,000 lb. are applied at each lower chord joint. 

Figure 36 shows the several joints at which the connections are 
eccentric. On each member is shown the stress as calculated for the 
applied loads and the eccentricity of the gravity axes. The eccentric 
moments at the several joints are as follows: 


Joint 1. (Fig. 36d) 

Me = = (3,396.3)(0.75) eee 547 ome los 
Joint 3. (Fig. 36a) 

M. = +(3,396.3)(0.75) — (3,678.2)(0.5) = +708.10 in.-lb. 
Joints 4 and 7. (Figs. 366 and c) 

0 


f 8 
OS) 3g7e2" sereg* —V) — 5B782 


Xe A ee ee 
x 7 
ia 
9 2 oe 5 


Fia. 36. 


Since the stresses in all members of the truss are the same as given 
in the problem of Art. 19, all values of =dZ, and also values of K=dZ 
are the same as given in Table C. It can also be seen that the formula- 
tion of the equations for values of r due to the effect of primary stresses 
in the members will be the same as given in Table D. At joints where 
eccentricities exist, the moments calculated above must be taken into 
consideration. 


; M, : , 
In evaluating the term 8 of Eq. (19), the quantity H may be omitted 


as in the calculations of angular changes. Then to account for the 
effect of eccentricity at any joint, add one-half the eccentric moment to 
the values given in Table D. The equilibrium equations given on p. 414 
may be modified to account for eccentricity by adding to the absolute 


: M. a, 
term a quantity — oe For the conditions stated above only the 


equations for joints 1 and 3 will be modified. At joint 1, the quantity 
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to be added is —(14)(—2,547.2) = +1,273.6 and at joint 3, —(%) 
(+708.10) = —354.05 is to be added. The equations then become 


8.42947, + 6.573272 + 7.641573 = — 610.00 (1) 

6.573827, + 26.979672 + 0.343473 + 6.573275 = +2,281.844 (2) 

7.64157; + 0.343472 + 38.26947; + 10.652 7, + 0.49787; = —2,919.635 (38) 
10.652 73 + 48.294874 + 0.343847; = —5,228.872 (4) 

6.573272 + 0.497873 + 0.348474 + 38.462 75 = +1,969.530 (5) 


Ye Uh 


The methods employed in the solution of these equations and in the 
determination of the resulting secondary stresses are exactly the same as 
given in the preceding articles. The complete solution of the problem 
will therefore not be given. 

It will be found that the effect of external moments at any joint 
due to eccentric connections is small for all members except those enter- 
ing the joint at which the moment 
exists. At the joint in question 
very large additional secondary 
stresses are likely to occur. 

22. Secondary Stresses in Pin 
Connected Members.— Members () 
which are pin connected at the 


ends are in general not free to turn | 

about the pins due to the friction 7 ‘crane : ; >> 
between the member and the pin. ! Mf 
Figure 37a shows the conditions () 

at a pin joint when the stress does Fre. 37. 


not act along the axis of the mem- 
ber. At point a where the line of action of S intersects the pin, resolve S 
into its components tangent and normal to the pin surface. These com- 
ponents are S sin ¢ and S cos ¢. When the member is about to turn on 
the pin due to a moment M, the force S sin ¢ = F, the frictional resis- 
tance to turning. Angle ¢ is the friction angle between the two metal sur- 
faces. Then as turning on the pin is about to occur, we have from 
moments about c the pin center, 

Nee = ain.g 

2 

If coefficient of friction between pin and member = k = tan ¢, we may 
write without appreciable error, sin ¢ =tan ¢ = k. Then 


The secondary stress in an extreme fiber of the member due to this 
moment is 
_ Mc _ SDkh 
fo = tect) 
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in which h = depth of member which is assumed as symmetrical about its 
gravity axis so that c = se If A = area of section and r = its radius 


of gyration, J = Ar?, and we have 


S Dkh 
SS alt 
fo A Ar? at) 


: S 
The primary fiber stress in the member is f, = he Hence the percentage 


of secondary stress is 
AUB 
- 4: (22) 


The coefficient of friction k may be taken as 0.2. For eyebar mem- 
bers, such as shown in Fig. 37a, r = 0.29h, and in general the ratio of 


: Dies ; 
pin diameter to depth of bar is approximately 7 x teyy For riveted 
members, such as shown in Fig. 376, r = 0.4h, approximately, and the 


ratio = is about 14. On substituting these values in Eq. (22) we have 


For eyebars For riveted members 
Je = 44.5 per cent fe = 10.4 per cent 
to to 


Thus, eyebars will not turn on the pins until the secondary fiber stresses 
become about 44.5 per cent of the primary stresses, and riveted members 
will turn if the secondary fiber stresses exceed about 10.4 per cent of the 
primary fiber stresses. 

In general, eyebars are narrow flexible members, and it is highly 
improbable that their secondary stresses under ordinary service conditions 
would exceed about 15 per cent of the primary stresses. Hence it is not 
probable that an eyebar will turn on the pin. Riveted members are 
generally rather rigid, and it is probable that the secondary stresses in 
well designed members will be at least 20 per cent of the primary stresses. 
Therefore it is almost certain that riveted members will turn on the pins. 

When it is uncertain whether members turn on the pins it will be best 
in calculating secondary stresses to assume first that the members do 
not turn. The moments at the ends of the members, or the percentages 
of secondary to primary fiber stresses should then be determined on this 
assumption. These values should then be compared with those given 
by Eqs. (20) or (22). The true conditions at the joints can then be 
determined. If it is found that some members do turn, then the moment, 
as given by Eq. (20), must be used in the calculations. 

Where some of the members of a truss are free to turn at the joints, 
the secondary stresses in the truss members may be determined by 
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assuming that the moment of inertia of all members free to turn is zero. 
Hence, K = 0 for such members. However, in calculating angular 
changes for the several triangles, these members must be included with 
the others which are not free to turn. 

The top chord member in pin connected trusses is generally made as 
a continuous riveted member over its entire length. Diagonals and 
verticals are generally pin connected to the top chord member. The 
top chord also is generally pin connected at the hip joints. 

Illustrative Problem.—Assume that the truss of Fig. 30 is pin connected except 
for the top chord member, which is continuous from joints 3 to 11, at which points 
it is pin connected. Calculate the secondary stresses in the top chord member for the 
same loadings. as given in Art. 19. Assume first that the pins are concentric. It will 
later be assumed that the pins are eccentric. 

(a) Pins Concentric.—For the given conditions, the secondary stresses may be 
calculated by assuming that all members turn at the joints except the top chord mem- 
bers. To account for this condition, assume K = 0 for all members except those of 
the top chord. Values of dZ and =dZ will be the same as given in Table C, p. 411. 
However, it will be necessary to consider such values only at joints 3, 4, and 7. The 
necessary values. are given in Table G. 


Taste G.—VALUES OF YdZ anD KrdZ 


Joint J dZ ZdZz Member K Korg 
(1) (2) (3) (4) (5) (6) (7) 
| 
3-4 | 10.6520 0 
A3pe eet G5 Toe 6de72 3-5 0 
3 naa | + 2.124 | 63.60 3-2 0 
231. | +108.95 | + 45.35 3-1 0 
0 
Pee 10652 
4 wap el 4 ia061 |e 18.061 4-5 0 
543 | +180.69 | +193.75 4-3 | 10.652 | +2,063.825 
21.304 | +2,063.825 
78 110.652 0 
879 108 | + 25.108 | 7-9 0 
7 976 81.437 | +-106.545 | 7-6 0 
675 | + 81.437 | +187.982 | 7-5 0 
B74. 25.108 | +213.090| 7-4 | 10.652 | +2,269.835 
+2269. 835 


a 
The formulation of equations is carried out as in Art. 196, using values taken from 
Table G. At joint 3, member 3-4 is the only one considered. We then have 


2K sara + Kasras — 21.304073 + 10.65274 + 2,063.825 = 0 
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from which 
21.304073 + 10.6527, = —2,063.825 (1) 


At joint 4, members 4-3 and 4-7 are to be considered, and we have 
(2) (21.3040)rs + (2)(2,063.825) + 10.652073 + 10.6527r7 + 2,269.835 = 0 


From symmetry, tz> = 0, as before. Hence rz. = 77 + 106.545 = 0, andz7 = 
—106.545. Placing this value of r7 in the equation for joint 4, we have 


10.652073 + 42.608r4 = —5,262.621 (2) 


On solving Eqs. (1) and (2), we have 
73 = —40.135 andr, = —113.48 


Secondary stresses, as determined for these values of 7, are given in Table H. 

(b) Pins Eccentric.—Assume that the top chord pins are located 0.5 in. above the 
truss center lines, as in Art. 21, and calculate the secondary stresses in the top chord 
member. 

For the assumed conditions, a moment of —(8,678.2)(0.5) = —1,839.1 in.-lb. 
exists at joint 3 (see Fig. 36a). As before, the moments at joints 4 and 7 are zero. 
Equation (1) above is then modified by the addition of a term —(14)( —1,839.1) = 
+919.55 to the absolute term. The condition equations are then 


21.30473 + 10.65274 = —1,144.275 (1) 
10.652073 + 42.60874 = —5,262.621 (2) 


On solving these equations, we have 73; = +9.195 andr, = —125.81. The resulting 
secondary stresses are given in Table I. Note that the moment in member 3-4 at 
joint 3 is equal and opposite to the moment due to eccentricity. 


23. Secondary Stresses Due to Weight of Members.—In Fig. 38, 
member 1-2 is acted upon by a uniform downward load of w lb. per ft. 


in addition to the end moments and shears shown in Fig. 22. The 
moment at any point distance x from the right end of the member is 


M.= Me — (M+ My% + 2 _ we 


Proceeding as in Art. 13, it can readily be shown that 


oe | 1 wi? 
n= P= Hy OM: — Made — Fe 
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and 
wilt 


ee ae Fi 2M: — My b+ SE] 


From these equations we have 


2EI 1 
My = ——(2r1 + 12) + 75 wP 


and (23) 


OE 
M, = ao (Orr ee ey: 


The last terms of Eq. (23) will be recognized as the end moments in a 
uniformly loaded fixed beam. If m = moment at end of a fixed beam 
uniformly loaded, considered as positive moment when it acts clockwise, 
we may write 


2H. 
Mim = ae Ore ae Tata) — Mnm (24) 


On placing values similar to Eqs. (24) in Eq. (15), p. 407, we have 
2[(2K)rn + D(K2UdZ)| + [Kimnatmn + KmnZdZ] 


Mnm 


2H 


+ [similar terms for other members] — > =0 (25) 


The fiber stress at the end of the member due to the moment Minn 1S 


aa = 25 (ram = Ein) aa Tas (26) 


Illustrative Problem.—Determine the secondary stresses in the top chord of the 
truss of Fig. 30, assuming that the top chord member is riveted, being pin connected 
oniy at joints 3 and 11, and that all web members are pin connected to the top chord. 
Assume concentric and eccentric pins, as in the problem of Art. 22. Let the applied 
loads be taken as 80,000 Ib. at each lower chord joint. 

Since the applied loads are proportional to those used in the preceding problems, 
all values of dZ,2dZ, and K=2dZ may be obtained’ by multiplying values given in 
Table G by 80. 

In formulating the equilibrium equations after Eq. (25), the quantities involved 
may be taken from the problem of Art. 22. The absolute terms there given must be 
multiplied by 80, and terms of the form mnm must be added. For the truss under 
consideration, the area of the top chord section, as given in Table A, p. 409, is 56.94 


, ; 5 : 94 
sq. in. Allowing 15 per cent for weight of details, the weight per foot is w= Cz 


(490) (1.15) = 223 lb. per ft. The moment at the end of a fixed beam 320 in. long is 
Tinm = — Ko wl? = — (42) (2234 2)(3820)? = —158,580 in.-lb. Therefore, the 
quantities to be added to the absolute terms are —79,290 for joint 3 and 0 for joint 
4, since, as shown by Eqs. (23), the term mnmor 142 wl? is equal and opposite for 
members 4-3 and 4-7. The equilibrium equations for concentric pins are therefore, 


21.3047; + 10.65274 = (—2,063.825)(80) — 79,290 
21.3047; + 10.6527, = — 244,396 (1) 
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and 


10.652073 + 42.608r4 = (—5,262.621) (80) 
10.652073; + 42.608r4 = — 421,010 (2) 


On solving these equations, we have 


Be Sy v4 = —8,277 
Also 77 = — (106.545)(80) = —8,254 


The resulting secondary stresses are given in Table J. In determining the values 
of M given in column 7, the product of the quantities given in columns 5 and 6 is to 
be combined with the term —7%nm, which in this case is —(—158,580) = +158,580. 
To conform to the signs given in Eqs. (23) a plus sign is to be used for members 3-4 
and 4-7, and a minus sign for members 4-3 and 7-4. Note that this same sign 
notation has been observed in formulating the equilibrium equation given above. 
Values of the fiber stresses may be obtained from Eq. (26) or directly from Table J by 


Abe : 
multiplying the moments given in column 7 by the value of ; given in column 8. 


Assuming the same eccentricity of pins as in Art. 22, the equilibrium equations may 
be obtained from those given on p. 480. We then have 


21.30473-+ 10.6527, = (—1,144.275) (80) — 79,290 = —170,832 (1) 
10.652073-+ 42.608r4 = (—5,262.621)(80) = —421,010 (2) 


On solving these equations, we have 


73 = —3,518 rs = —9,002 


Values of secondary stresses are as given in Table K. These values are determined by 
the methods used in Table J, 

On comparing the values of secondary stresses given in Tables H and I due to 
rigidity of joints and the values given in 
Tables J and K for rigidity of joints and 
weight of members combined, it will be 
noted that the effect of weight of members 
$ has been to reduce the secondary stresses 
«-3308 at the joints. This is due to the fact that 
the deflection of the truss causes the rigid 
top chord to bend into a slight curve. 
This bending causes small compressive 
stresses in the upper fibers of the top chord 
member. When the weight of members is 
included the fiber stresses at the joints are 
reduced, but those at the center of the mem- 


<--5E4.6 >| 


|r 


& 2 
ay 
N 


Pins Concentric 
@) 


o ber are increased. Figure 39 shows the 
S variation in fiber stress for the assumed con- 
ek Pins Eccentric ditions. It can be shown that for a beam 


(o) fixed at the ends and uniformly loaded, the 


Fig. 39.—Effect of weight of members, total moment at the end and center is (49 + 
164)wl? = lgwl?. Hence to plot the mo- 

ment diagrams for the case under consideration, we may plot as base lines the 
moments taken from Tables J and K. These are shown by the dash lines abc of Fig. 
39. On these lines as bases may be plotted the parabolas adb and bec. ‘To deter- 
mine the center ordinates, at d and e, we have lgw/? = (34)44%2) wl? = 39) (158,580) 
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= 237,870 in.-lb. The fiber stress in the top fiber due to this moment, which is 
equal for members 3-4 and 4-7 is 


237,870 237,870 , 
f= é = 406 a = 584.6 lb. per sq. in. compression. 
:) 


Figure 39 shows the resulting fiber stress diagrams. 


24. General Conclusions.—In the preceding articles, a few of the 
more important causes of secondary stresses have been considered and 
methods have been given for the determination of the stresses. On 
examining the formulas and the calculated secondary stresses given above, 
it can be seen that the width of a member has considerable effect on its 
secondary stress. As shown by Eq. (17), the fiber stress for a given 
moment varies directly with the width of member. Hence in general, the 
narrower the member in the plane of bending, the smaller will be its 
secondary stress. It will be found that a member whose width is not 
greater than one-tenth its length will seldom have secondary stresses in 
excess of 25 per cent of the primary stresses. Where very wide short 
members are used, as for example, the bottom chord members in through 
bridges with shallow floors riveted directly to the chords, secondary 
stresses equal to or greater than the primary stresses are not uncommon. 
In such cases, secondary stresses should be determined and provision 
made for them in designing the section. 

It will generally be found that the secondary stresses in trusses with 
the simpler types of framing, such as the Pratt or Warren truss, 
will be less than in more complicated types of framing, such as trusses 
with subdivided panels. One of the principal sources of high secondary 
stresses in trusses with subdivided panels is the bending of chord mem- 
bers due to the elongation of the hangers. This effect is shown to 
some extent in the Warren Truss with verticals which is shown in Fig. 32. 
The presence of large deflection angles for the chord members meeting 
at joints 2 and 6 indicates that these members are bent out of the line 
connecting joints 1 and 5 and joints 5 and 9. This bending is due to the 
elongation of the tension verticals 2-3 and 6-7. Joint 4 of top chord 
member 3-4-7 is also subjected to rather large secondary stresses due to 
the presence of the vertical 4-5. Although this member has no primary 
stress and is therefore not distorted, it causes bending in 3-4-7 because 
it forces joint 4 to follow joint 5, thereby causing bending in the top 
chord. 

These few examples will give some idea of the nature of secondary 
stresses and the causes contributing to high secondary stresses. For a 
more complete discussion of the general subject of secondary stresses 
the reader is referred to “Modern Framed Structures,” Part II, by 
Johnson, Bryan and Turneaure.’ 


1John Wiley and Sons, Inc. New York. 


SECTION 6 
STATICALLY INDETERMINATE FRAMES 


By W. M. WiLson 


There are many structures composed of frames that resist shear 
by virtue of the cross bending in the members of the structure. These 
structures are statically indeterminate since neither the reactions on 
the structures nor the stresses in the members can be determined from 
the conditions of static equilibrium. 

The equations in the tables of Appendix A give the moments in 
the statically indeterminate frames most commonly used when subjected 
to various loads. The writer has planned these tables for the con- 
venience of the designer and he believes that any designer who has 
sufficient knowledge of mechanics to justify him in attempting to design 
a statically indeterminate structure will be able to use the equations 
successfully after he has given them careful study. These equations, 
however, are not intended for the use of the office boy. 

The sketches have been made a part of the tables so as to identify 
the different cases at a glance. In addition, an analytical index of the 
tables is presented which, it is believed, will make possible a quick location 
of any table sought. 

In order to assist the reader in comprehending the way in which the 
equations have been derived, his attention is directed to the statements 
contained in the three following paragraphs. 

1. Derivation of Equations..—(1) If a member carries no trans- 
verse load, and if one or both ends of the member are rotated, and if 
one end is deflected relative to the other end, moments are developed 
in the member and the moment at either end can be expressed in terms 
of the rotation and deflection. The equation for the moment can be 
written in the form, Mus = 2EK(20, + 6, — 3R), in which My, is 
the moment at A in the member AB, 0, is the rotation of the end A 
from its unstrained position, 6, is the rotation of the end B from its 


, ais Ctee 
unstrained position R = T 1 is the length of the member, and d is the 


deflection of one end relative to the other end. 
(2) If the ends of a member are fixed so that neither end rotates 
and so that neither end deflects relative to the other end, a transverse 


1¥or complete derivation of the fundamental equations, see Appendix B. 
436 
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load on the member will produce moments at the ends. Let the moment 
at the end A of the member AB be represented by C4z and let the 
moment at the end B be represented by Cza. Then, Mas = Cas 
and M. BA = (6! BA* 

(3) If one or both ends of a member are rotated, and if one end 
is deflected relative to the other end, and if the member also carries 
transverse loads, then Mz = 2EK(204 + 63 — 3R) — Caz. That is, 
if the ends of the member are restrained and if the member carries a 
transverse load, the resulting moment is made up of two parts, one 
part is due to rotation and deflection ofthe ends, and the other part 
is due to the load. Furthermore, these two parts composing the total 
moment maintain their separate identities—that is, the part of the 
moment due to the load is independent of the rota- 
tions and the deflection, and the parts of the - G Aa 5s 
moment due to the rotations and deflections are ' 
independent of the load. 

These statements being true, it is apparent 
that the moment at the end of a member of any 
structure is composed of two parts, one part is a 
function of the geometrical properties of the struc- 
ture and the physical properties of the material 


eee <---> 
| 
' 


and the other part is a function of the loadon the _y__ 
member. For example, in Fig. 1, the rectangular ay Cc 
bent ABCD carries a vertical load on top. If the aaa 


bases of the columns are hinged and if the cross-sections of the two legs 
are identical, the moment at A in the member AB is given by the equa- 


1 
tion Mas = —3 Can ore , in which n is a function of the geome- 
trical properties of the members, and C4z and Cz, are functions of the 
load. This equation is true no matter what system of loads is applied to 
the member AB, and the equation may be used to obtain the moment at 
A in the member due to any load on AB providing the values of Cas 
and Cz, for the given system of loads are known. 

Values of Cuz and Cz, for various loads are given in Tables 2 and 3 
of Appendix A. If the load on AB consists of a single load P at the 
center, then, from Table 3, Cas = Caa = 1éPl and the equation for the 
moment at A takes the form 

Ahead Ef! 

38° 8 Mie d! 
22% +3 ° 82n+3 


Mas —= 


Similarly, if the load on AB is a uniformly distributed load, Cuz and Caa, 


Wil 1 WI ae 
as given by Table 3, equal 712 and Mis = —j Seas: In a similar 


1See Eq. 134, Bull. 108, Engineering Experiment Station, University of Illinois. 
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manner the moment at A can be determined for any load on AB if the 
values of C are known. ; 

Equations for the moments in the members of a great variety of 
structures have already been published.! However, these equations are 
general—that is, they are applicable for any system of loads—and before 
they can be used in the design of a structure subjected to a particular 
load, values of C for the given load must be substituted in the general 
equation in order that the particular equation desired may be obtained. 
In the tables of Appendix A, equations are presented that give the mo- 
ments in the members of a large variety of structures due to a large num- 
ber of the specific types of loads usually encountered in structural design. 
With a few exceptions, these tables contain (1) the general equations 
applicable to the structure in question when subjected to any system of 
loads, and (2) a series of special equations, each applicable for a special 
load. 

If equations for any desired special load are not presented, the 
moments may be obtained from the general equations at the beginning of 
the table by substituting the values of C, as 
given in Tables 2 and 8, for the special load. 
[<0=4000 /b per ft To illustrate how ‘this is done consider the 
following illustrative problem. 


ee 
aed 


B Illustrative Problem.—The rectangular bent of 
Fig. 2 carries a uniformly distributed load over a 
portion of the top. The cross-sections of the two legs 
are identical and the legs are hinged at the bases. 
It is required to find the moments at A and B. 

Table 43 is applicable. Either of two methods 
of procedure may be followed. (1) Algebraic expres- 

G sions for C4z and Cpa may be obtained from Table 2 

Titres, Ds and substituted in the first equation of Table 43, thus 

deriving an algebraic equation for the moments at A 

and B. Or (2) the numerical values of @ 4B and Cg4 may be obtained and substituted 

in the first equation of Table 43, thus getting the numerical values of the moments 

direct. If a large number of similar problems are to be solved, the first method 

may be the shorter. If only one or two problems are to be solved, the second method 
may be the shorter. Both methods follow: 


s 


| 
ec 


= 2/55 


| 
SS 


First Solution 
From Table 2 
Wa Wa? 


Caz = ops’ — 8al + 617), and Ca4 = 222! — 3a) 
Substituting these values in the general equation, gives 
Wa 2 
opto? = Sal 6h wera — 3a) 
Map = —Mac = 9 = oe SSS 


1'W.M. Wizson, F. E. Ricwart, and Cami.to Weiss, Bulletin 108, Engineering 
Experiment Station, University of Illinois, 
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Simplifying, gives 
1 Wa(3l — 2a) 


Mes. = 
AD Mac my On +3 (1) 


From the figure: W = 16,000 lb., a = 48 in., 1 = 120 in., h = 180in., n = 49% 99 
(18% 00) = 2. 
Substituting these values in Eq. (1), gives 


1 _ (16,000)(48)(3 & 120 — 2 x 48) 


M Lotti ae a No > ( cA S 
AD Mec (4)(120) (22) +3 = 60,100in.-lb. 
Second Solution 
From Table 2 
16,000)(48 6 
Cis cay apne a lNESNCES) — (8)(48)(120) + (6)(120)(120)] = 209,400 in.-lb. 
_ (16,000)(48)(48) i ‘ 
Cra (12)(120)(120) 612) — (3)(48)] = 71,600 in.-lb. 
Deena aoe or esis Et T0007 601100 ta.-Ib. 


2. (2)2)+3 


The general equations at the beginning of each table have been taken 
from Bulletin 108 of the Engineering Experiment Station of the Univer- 
sity of Illinois. The special equations have been derived from the 
general equations by the method illustrated in deriving Eq. (1), above. 

2. Notation.—The notation used in this chapter is as follows: 


Cag = moment at end A of a member AB that is fixed at both 
ends, and for which there is no deflection of one end rela- 
tive to the other. Values of Cz for various loads are 
given in Tables 2 and 3. 

‘za = Moment at end B of a member AB that is fixed at the 
ends and for which there is no deflection of one end rela- 
tive to the other. Values of Cs, for various loads are 
given in Tables 2 and 3. 

d = deflection of one end of a member relative to the other end. 
Deflections are measured in a direction normal to the 
original position of the axis of the member. 

E = modulus of elasticity. 

His = moment at end A of a member AB that is fixed at A and 
hinged at B and for which there is no deflection of one end 
relative to the other. Values of H4, and Hz, for various 
loads are given in Tables 2 and 3. 

= length of a vertical member 

= moment of inertia of the cross-section of a member. 


NS 
eat 


Looe 
K = moment of inertia divided by length, {Or 7 
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1 = length of a horizontal member. 
Ms = moment at end A of a member AB. 
Me, = moment at end B of a member AB. 
n, p, and s = relations between the K’s of the members of a structure. 
Defined in detail in each table in which they are used. 


: d 
R = ratio of the deflection of a member to its length, 7; 2 


642 = rotation of the tangent to the elastic curve of a member 
at the point A of the member AB. 

624 = rotation of the tangent to the elastic curve of a member at 
the point B of the member BA. 


3. Equations in the Tables.—The equations contained in the tables 
of Appendix A give the sign, or sense, of the moments as well as their mag- 
nitudes. The sense given is the sense of the couple acting on the portion 
of the member considered. If My, is found to be equal to —180,000 
in.-lb., the internal stress couple acts in an anti-clockwise direction at A 
on the member AB, 

The sense given is correct when the forces act in the direction 
shown in the figures. In Table 48, Type of Loading 2, if the force acts 
downward the resulting moment M 4p will be positive. But if the force 
is an upward force of, say, 2,000 lb., then P = —2,000 Ib. and the 
moment M4» is negative. 

The quantity C4, represents the moment at the end A of a one-span 
beam AB due to a given load when both ends of the beam are fixed. In 
a similar manner, 1/4; represents the moment at the end A of a one-span 
beam AB due to a given load when the end A is fixed and the end B is free 
to rotate. For algebraic convenience, H,4, appears in the expression 
for the moments in some members even though the member in question 
is not hinged at either end. This has been possible because of the alge- 
braic relation between C4, and H4;. 


Hw 


}e--/5:0" —— — sre ——/2/0"—>40-— 14:0 — 


Gara. 


Illustrative Problem.—Figure 3 represents a 12-in., 40.8-lb. I-beam carrying loads 
as shown. ‘The supports have settled so that they are not on the same level. How- 
ever, there has been no rotation of the end supports, so that the tangents to the elastic 
curve at the ends are horizontal. It is required to find the moments in the girder. 
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The equations of Table 36 , Appendix A, are applicable. 


oe me EE a 
i " es = 269 in. are ie = 0.8575 
Ky = * = 1.600 in. a . i : 
K, = 79 = 1.868 ins Soe an 
ae 2 aio. 
Hap = SEDC [(2)(180)(180) — (108)(108)] = 398,520 in.-lb. 
Hea = Oko. [(2)(180) — 108]? = 476,280 in.-Ib. 
Hee reat [144 -+ 48] = 213,333 in-lb. 
Her = COSC [144 + 96] = 266,666 in.-lb. 


Hep = Hoc = (346)(20,000)(168) = 630,000 in.-lb. 


Substituting these values in the equations of Table 36, gives 


_ (6)(30,000,000)(1.868)[(4 X 0.8575 + 3) 
, (180)(144)(168) 
(144)(168)(13 — 12) — 2(2 X 0.8575 + 1)(13.5 — 13)(180)(168)] 
[41.25 + 1)(0.8575 + 1) — 1.25] 
+, (6)(30,000,000)(1.868)[(2)(0.8575)(180)(144)(15 — 13.5)] 
(180)(144)(168)[41.25 + 1)(0.8575 + 1) — 1.25] 


2 
ss pose Doses 12H | re x 0.8575 + 3)(2)(1.25)(476,280) 


— (1.25)(398,520) + (2)(213,333)] + 2[630,000 — (2)(630,000) 


Msc 


— (2)(0.8575)(266,666)] | = 481,000 in.-lb. 
Mec = 481,000 in.-lb. 


rH (6)(30,000,000)(1.6) 
Mep = (i80)(144)(168)[4(1.25 + 1)(0.8575 + 1) — 1.25] | | 2S ne? 


(180)(168)(13.5 — 13) — (3 X 1.25 + 4)(180)(144)(15 — 13.5) — (2)(144)(168) 
(3 X 1.25 + 4) 


2 ) 
Goethe) | = | 3[4(1.25 + 1\(0.8575 + 1) — 1.25] | 
[630,000 — (2)(630,000) — (2)(0.8575)(266,666)] + (2)(0.8575)[(2) 


(1.25)(476,280) — (1.25)(398,520) + (2)(213,333)] | 


Mcp = —1,354,500 in.-lb. 
481,000 (3)(30,000,000)(1.868) [13 — =] 
Mas = — a 398,520 — 35 180 
Maz = —1,386,220 in.-lb. 


1b = 13.5 
rae Lee + 630,000 — (8)(80,000,000(1.6)| 2 5°* | 


Mpc = —1,331,250 in.-Ib. 
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With Mas, Msc, Mcp, and Mpc known the structure is statically determinate. 
Considering the forces on the portion CD and taking moments about C determines 
Rp, the reaction at D. It is a downward force of 6,000 lb. Ina similar manner the 
other reactions can be determined. These reactions are found to be Re = 45,300 lb. 
upward, Rg = 7,050 lb. downward, and R4 = 15,750 Ib. upward. The summation 
of the vertical forces is found to be zero, showing that the calculations are correct. 

Illustrative Problem.—Figure 4 represents a continuous girder of four spans. The 
ends of the girder are restrained in the position shown. It is required to determine the 


moments at the supports. The problem will be solved by applying the equations of 


three moments. 
The equations of Table 40, Appendix A, are applicable. The constants dependent 
upon the loading and upon the dimensions of the girder are as follows: 


Oe aya = a ue m = ze -§ = 0.800 Jp = (12)(12) = 144in. 
us ENE x = i Nat e aa 2 = 1.875 1, = (12)(15) = 180 in. 
eae ay) i 0 ines as z =5 = 0.800 I, = (12)(8) = 96 in. 

Baie AG) Zz er a I; = (12)(10) = 120 in. 


da =2.5in. de—da =28—-25=+03in. 064 = +0.003 
ds =2.8in. de —ds =3.0—-28=+402in. 62 = —0.002 
de =3.0in. dp —de =3.1—30 =+401in. E = 30,000,000Ib. persg. in. 


ll 
ll 


Gere at eds od» 13.0 = aul oe 
Gha = BO) rai 
_ (5,000)(5(7)(19)(12)_, (12,000)(16)[(2)(144) — 16] 
Te ee 4 Mricre = 183,900 in.-Ib. 
_ (5,000)(5)(7)A7)A12) , (4,000)(4)(12) F 
Hea jas yazan) “2%12—4) 
= 190,700 in.-lb. 
Haga SO + (4) (225) = 665,500 in.-Ib. 
Hot NEY (2) (225) = 681,500 in.-Ib. 
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= @,000)@2)(12) . Fe oye — 
Bee) 2X8 2)? = 18,400in-Ib. 

_ (2,000) (2) (12) f 
Hoe = ~~ (8)(8)(8) ° X8X8 —2 x 2) a 11,600 in.-lb. 
eee EOSIN?) = 225,000 in.-Ib. 
jee ae oO) = 225,000 in.-lb. 


For the spans AB and BC use Case 4 of Table 40. The equation is 


Mac(4 + 3n1) + 2Mecp = oe [3l1(de — da) — 2l(de — dg)] + 2mHas — 


4[Hec + mHe a) — 6EK 104 


Substituting the values of the constants in this equation, gives: 


6EI 


__(6E)(1)(0.003) 
aoeerSG 


6.4Mzc + 2Mcp = 1,0281 — 2,978,000 (A) 


+ (2)(0.8)(183,900) — 4[(665,500) + (0.8)(190,700)] = 


For the portion BC and CD, Case 1 of Table 40 is applicable. In this equation, 
substituting subscript B for A, C for B and D for C, and substituting the subscript 
1 for 0, 2 for 1, and 8 for 2, gives: 

EK 
or? Uls(de — da) — Li(dp ~ de)] 


2[|H cp + n2oH ce 


n2Mepe + 2Mco(n2 + 1) + Moz = 


Substituting the values of the known constants in these equations, gives 


GEI 
(96)(180)(96) (6960.2) — (180)(0.1)] 


— (2)(18,400) — (2)(1.875)(681,500) 
1.875Msec + 5.75Mep + Moz = 130.2091 — 2,592,425 (B) 


1.875Mzee + 2Mecn(1.875 + 1) + Moz = 


For the portion CD and DEH, Case 5 of Table 40 is applicable. In this equation, 
substituting subscript C for A, D for B, and # for C and substituting the subscript 2 
for 0, and 3 for 1, gives: 


6HK; 
lols 


[273(dp aes dc) aa 312(da as dp)] —= ‘ 
4[Hpr + nsHpc] + 2Hep + 6EK30z 


2n3Mcp + Mpz(4n;3 +3) = 


Substituting the values of the known constants in these equations, gives: 


EI 

(2)(0.8)(Mop) + (4 X 0.8 +3)(Mpz) = TDONO8YAIO) ((2)(120)(0.1) — 
(3)(96)(—0.1)] — (4)(225,000) — (4)(0.8)(11,600) ++ (2)(225,000) + oo (— 0.002) 
1.6Mcp + 6.2Mpz = 3,875I — 487,120 (C) 


Equations A, B, and C contain three unknown quantities M zc, Mep and Mpr. 
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Rewriting equations A, B, and Cin tabular form—that is, with the unknown quan- 
tities at the tops of the columns and the coefficients below—gives: 
en ner 
Left hand member of equation 
Right-hand member of 


No. of equation equation 
Msc Mcp Moz | 
A 6.4 2 1,0287 — 2,978,000 
B 1.875 5.75 il 130,2097 — 2,592,425 
C 1.6 | 6.2 3,8751 — 487,120 
A+6.4=D 1 0.3125 160.602 — 465,000 
B+1.875 =£ il 3.0670 0.5330 69.427 — 1,383,000 
E-—D=F 2.7545 0.5330 —91.187 — 918,000 
F + 2.7545 =G 1 0.1935 —33.097 — 336,000 
C+1.6=4 1 3.8740 2,4207 — 304,400 
H-G=J 3.6805 |2,453.097 + 32,000 
J + 3.6805 1.0 6617 + 8,700 


Mpz = (6667 + 8,700) in.-lb. 


Substituting value of Mpz in Hq. H, gives 

Mcp = —(1607 + 338,100) in.-Ib. 
Substituting value of Mcp in A, gives 

Mec = (210.77 — 359,350) in.-lb. 


To determine M4y, use the equation of Case 1, Table 40, with subscripts as 
written. Substituting the values of Mzc and Mcp just determined, gives 
0.8Maz + 2(0.8 + 1)(210.77 — 359,350) — (1607 + 338,100) = 
6ET 
(480)(144)(180) [(180)(0.3) — (144)(0.2)] — 2[665,500 + (0.8)(190,700)] 
Map = 467.11 — 5,450 


To determine Mzp, use the same equation as above, changing the subscripts as 
follows: substitute C for A, D for B, EZ for C, F for D, 2 for 0, and 3forl. Mezp will 
be —Mzr. Making these changes in the equation gives 


—Mezp = —n;Mcp — 2Mpu(ns3 Se 1) pea ae 


[ls(dp — dco) — 1.(dz — dp)] 
| — 2[Hpz + nsHpve 
Substituting the values of the known quantities in this equation, gives 

Mezp = —(5602 — 229,400) 


With Mz, M ac, Mcp, Moz, and Mzp known, the structure is statically determi- 
nate. By applying the usual equations for static equilibrium and making J = 1,000 
in.‘, the reactions are found to be as follows: 


Ra = 685 lb. downward Rp 
Re = 28,741 lb. upward Rp 
Rz = 7,873 lb. upward 


19,910 lb. upward 
9,839 lb. downward 


| 
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The algebraic sum of all reactions and loads equals zero, showing that the calculations 
are correct. 


4. Analytical Index of Tables.—The following index is given so as to 
make it possible to locate any desired table in Appendix A quickly. 


GENERAL EQUATIONS 


TaBLE 
General equations for the moments at the ends of any member..............--- il 
Values of constants C’ and H to be used in the equations of Table 1 
Amyacyatem Of 1OAGE. clos oe soa sol ol eiai lah inde teielece a. on oo een fe * en inie ni 2 
Load symmetrical about center of member.............-. see eee eee eee ees 3 
APPLICATION OF GENERAL EQUATIONS 
CONTINUOUS GIRDERS 
One Span 
Supports all on same level 
(CSinclee iba CHUM OIOICEL. . ogee a svovoo cuba SooumEs We oonseaoosKbEmc 4 
Garden fixed at Avand hinged at Bcc... 6.2 tel eee creek ne oe we etemnerns 5 
Girder restrained at A and B but not fixed..............-----2+-000- 6 
Girder hinged at B and restrained but not fixed at A...........---45. a 
Supports on different levels 
Girdermixediat: therendsern sevice) sae idtnten eyo net deoltehe eRetenc = 8 
Girder fixed at A and hinged at B....... SDP ORNS air irra At oh Gig gether tet 9 
Girder restrained at A and B but not fixed.........--..--.e5+ see eee 10 
Girder hinged at B and restrained but not fixeddatiA perce eee er 11 
Two Spans 
Supports all on same level 
Two spans identical 
Gircerenxedmati ti neven sine ie crates tas nine eee erotica n ion 12 
Girder hinged at the ends............0:0seeeeee cence reece eens 13 
Ends of girder restrained but not fixed........-....++++ sees eres 14 
Two spans identical except for loads 
@irdenhixedtate the endsmen ee ae cr eriin. clam resi cir einotrt 15 
Girder hinged at the ends... 06.01. seven eee eee 16 
Ends of girder restrained but not fixed.........-...-++--+ee0000> 17 
Lengths of two spans different 
Gincderstixedeat ule endser my cmericna sc eartie cir aie ln sian ee ier iicre 18 
Girder hinged at the ends... 6. one eu ee ee ge nt he 19 
Ends of girder restrained but not fixed........-.-+++-+sseer rere 20 
Supports all on different levels 
Two spans identical 
Load symmetrical about center support 
Guler fixed at the CHUS, 0602s cae cs cee eet ee tne ene meenns 21 
Girder hinged at the ends........-.... esses ere escent ees e eres: 22 
Ends of girder restrained but not fixed.......-..+s++sseererreees 23 
Lengths of two spans different 
Girder fixed at the ends..........--.- see ecee steeper eter arees 24 
Girder hinged at the ends....0 021.20. t sere r eee eee te tee ens 25 


Ends of girder restrained but not fixed.......-..+++++esererreee- 26 
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TABLE 
Three Spans 
Supports all on same level 

All spans identical 

Loads on all spans identical 
Girdervfixed ‘at, the ends... +o eemantate teeter een 27 
Girdershinged ‘atut herencdsiaerpaees eee eee ee ee 28 
Hndsiot girder restrainedsbutimotrixe dimen alee 29 

All spans identical except for loads 
Girderftixed#at tlievend si. yet ieee Meare eee 30 
Girdersungediiat che .en c.s\sey aes an ne ee 31 
Ends of girder restrained but not fixed 24.4. 7050.05.40 n eee 32 

Lengths of all spans different 
Girdentixededivauhiere nc sin a eerce nS ee 33 
Girderininged#atethelend sae anna aen nna nnn er 34 
Ends of girder restrained but not fixed......°................... 30 

Supports on different levels 

Lengths of all spans different ; 
Girder fixed at/thetends an usttne he et eee 36 
Gurder bingedsat the: endsact \ ta 3 eke 37 
Ends of girder restrained but not fixed...............--.0-00-... 38 


Any Number of Spans 
Supports all on same level 
Length of all spans different 
Hquation‘of three: moments.A.ny.. <a ee ee 39 
Supports on different levels 
Lengths of all spans different 
Equation of three moments).ge: a4 ey ee ee 40 


TWO-LEGGED RECTANGULAR BENT 


Legs Hinged at the Bases 
Two legs identical 


Horizontal-load on oneiler 1." mew. yee et a 41 
Horizontal loads on both legs. Load symmetrical about vertical center. 42 
Vertical load ‘ontop..4 velit, ene eanea se ee 43 
Settlement of foundations.s9. aa) see ee ee re 44 


florizontal load on one leg 7m. aaa ake ee eee 45 
Mertical load on'topias8viid 1a. da eee ee ee 46 
petlement of foundation... 2/100. eee. oe ee 44 
Legs Fixed at the Bases 
Cross-sections of two legs identical 
Honzontaliload onone leg... ...2:4.n0 845: ie eee ee 47 
Horizontal load on both legs. Load symmetrical about vertical center 
LMG ER + os 2's 6 55-0 7c s-0 i Binlrn aaa oe ee 48 
Werbical Ioagion. top... voc... 0-5 vs ete setae see ee 49 
Retilementot rounds tions... .... 3. cy: ntsa00 ae eee 50 
Cross-sections of two legs different 
Horizontal losVon one legs... saat 9.4 ne 51 
Vertical load QnptoDy gil: a-- +h tan atch (te ee 52 


Sec. 6-4] STATICALLY INDETERMINATE FRAMES 447 


TWO-LEGGED BENT—ONE LEG LONGER THAN THE OTHER 


Legs Hinged at the Bases grt 
lBlonavzavonrall opel Gime ME... oo occ cons doh once Godnd sesesHoohoreepopeact 53 
Weriioall long! GAO Os.couc co 7ocommencusv ocean ucGdmoenE oo ono se uDEOUOR: 54 
Sete OMG MWMOMN.coqocngconcvocosaoauscenocdoagdouogoGnnomes 55 

Legs Fixed at the Bases 
TSkaseimernnall Weteyel am Ge WER, sooo go coon addons vougescoc mo sbocneoouGor 56 
Wenifveail lana) Oil 10De 56 ous core actaus ns dk bo vou eho h de adie eebeoede soma. 57 
Savihaveavsialh Oe ROWING EMMONS sc acoooo ons aod vesoedSaee00 ne ume dod dab dims 6 55 

TRAPEZOIDAL BENT 

Legs Hinged at the Bases 

Bent and loads symmetrical about vertical center line 
Weoniioall Ioan agcioS oa a0% on enonodbeeaoucs ooo wg deodnoud Roos 58 
Normal oadsonuthe tw Olesya est tet stetens cue leielenetetle-reosiey eters 59 
Legs Fixed at the Bases 
Bent and loads symmetrical about vertical center line 
Vertical loads Oli LOD 2. is ee tents ie coke tenn 2s iio one sora 60 
INormaliloads onthe tworlegs ems ame ci rius res tisi ciettele ray ilsh tie ova 61 
: THREE-LEGGED BENT 

Legs Hinged at the Bases 
Lengths and cross-sections of two top members identical 
Lengths and cross-sections of all legs identical 

Any system of loads.gs a, a0. ec sea cle le pee ee re ees 62 
Vertical load on top. Load symmetrical about maid dle leg eer eranrcn tera 63 
Horizontal loads on two external legs. Load symmetrical about middle 
Lee NE seme Woh xe May aatct Blige = Roche esis et reenable 6h owieteon ft 64 
Settlement and sliding of foundations.............-- sees eee sent eees 65 

Legs Fixed at the Bases 
Lengths and cross-sections of two top members identical 
Lengths and cross-sections of all legs identical 

Pmiveevistern GL Loads ac ciy+ ates -rucrets sia < Sele ig Repent es 6 Mica he nth Gat 66 

Vertical load on top. Load symmetrical about Tid eile oe ree een Ol 

Horizontal loads on both legs. Load symmetrical about middle leg.... 68 
RECTANGULAR FRAME 

Cross-sections of All Sides Different 
Horizontal load on one vertical side.........----.eeeeteece rete reeset 69 
MieeticaloacmOnete Petter veri. oe ae cn as ee Neale emg ate e ele aE an he 70 
Single horizontal load at top.......-. 20. 0+2- eee eee newer ee ewer esse nes aa 
External couple at one Corner... 0.00.64... degee street rari sense rere: 72 

Frame Symmetrical about Vertical Center Line 
Horizontal load on ome vertical side... 2.2... 5. +s. sees e sete terete: 73 

74 


UST ese SIV o) oe ho ok aye SN ee ea A ae 
Frame and Load Symmetrical about Vertical Center Line 

Horizontal load on each vertical side... .... 0.06.5. bees ees r eben ereers 75 
All Sides Identical in Length and Cross-sections 

Wier rica IanO aUmtin per niente ees lars kd a eeepc pe Hate foes wee 

Horizontal load on one vertical side...2-..+.--2- +2 seer mee eset ett 

Horizontal load on each vertical side. Load symmetrical about vertical 
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SECTION 7 


WIND STRESSES IN HIGH BUILDINGS 


By Rosins FLEMING 


The modern high building with skeleton construction and light curtain 
walls presents the problem of determining wind stresses and making 
proper provision to resist them. The wind pressure assumed and the 
stresses therefrom often play an important part in the.design, especially 
when the width of a building is small compared with its height. 

High buildings are usually located in cities having building codes and 
should be designed to withstand the wind pressure stated in the local 
code. A wide range of pressures may be found specified in the various 
codes. To cite a few instances: 

The New York code requires that buildings over 150 ft. in height and 
of a height more than four times the minimum horizontal dimension be 
designed for a horizontal wind pressure of 30 lb. per sq. ft. The Chicago 
code requires that all buildings be designed for a horizontal wind pressure 
of 20 lb. per sq. ft. The Boston code specifies a wind pressure of 10 lb. 
per sq. ft. of vertical surface for all buildings 40 ft. in height and under, 
15 lb. for portions from 40 to 80 ft. above ground and 20 lb. for portions 
more than 80 ft. above ground. The Philadelphia code requires that all 
high buildings erected in built-up districts be designed to resist a wind 
pressure of not less than 25 lb. per sq. ft. at tenth story, 214 lb. less on 
each succeeding lower story, and 21% lb. additional on each succeeding 
upper story to a maximum of 35 lb. at fourteenth story and above. Other 
pressures may be found in other codes. In some codes dependence for 
wind bracing in buildings less than 100 ft. high where the height is 
not more than twice the minimum horizontal dimension, is placed upon 
the walls, floors and partitions. 

The writer believes that, except in abnormal cases, in designing the 
- steel frame of a many-storied building an assumed horizontal wind pres- 
sure of 20 lb. per sq. ft. on the vertical surface is ample. 

It is evident that for horizontal wind pressure a transverse bent of the 
structure is a cantilever beam or truss, with its fixed end at the founda- 
tion. All stresses due to wind are carried by the steel frame to the 
foundation. (The inertia of the building resists a portion of the wind 
pressure but for present purposes this is not considered). 
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A variety of opinion exists as to the best method of “routing the 
stresses.”’? Whatever method is employed, the shear across any horizontal 
section will be equal to the total wind pressure on the structure above 
the section considered. 

The architects of early high office buildings developed four types of 
wind bracing: (1) Vertical sway rod type, (2) portal type, (3) deep girder 
type, and (4) knee-bracetype. Each type served its purpose but they have 
all largely given way to the gusset plate type which is a system of wind 
bracing without diagonals. : 

The vertical sway rod type is effective and where it can be used, com- 
paratively inexpensive. With connections properly made there is little 
bending in either columns or lateral struts. The calculations are for a 
tower bent extending from basement to roof. 

The portal type consists of a series of solid-webbed portals or arches 
one above the other. The type was expensive but because it allowed 
arched openings between columns it was sometimes used. An analysis 
of stresses in the portal type may be found in anarticle by C. T. Purdy, 
Engineering News, Vol. XXVI, Dec. 26, 1891, p. 605. (The names of 
Purdy and Jenney are to be honored as pioneers in steel skeleton 
construction.) 

The deep girder type consists of girders, often latticed, in certain bents 
between columns, which are designed to carry both vertical and wind 
loads. The columns are designed to resist the bending moment due to the 
wind stress in the flanges of the girders. 

The knee-brace type is a series of knee-braces between columns and 
floor girders, producing bending moments in both. 

An objection common to all of these types is their limitations. They 
can only be used in certain bents of a building. Quite often they inter- 
fere with doors and windows; they cut up the masonry; the knee-braces 
extend into rooms and corridors; they require additional fireproofing and 
they hamper the architect in developing his architectural features. 

Much study and thought has been given of late. years to wind bracing 
without diagonals, especially for high office buildings and hotels. Differ- 
ent methods of calculating the wind stresses have been developed. A 
broad classification of these methods may be: (1) exact methods, and 
(2) approximate methods. . 

1. Exact Methods.—Of the exact methods four will be noted. 

1a. Jonson’s Method.—Ernst F. Jonson has a paper, “‘ The 
Theory of Frameworks with Rectangular Panels and Its Application to 
Buildings Which Have to Resist Wind” in the Transactions Am. Soc. 
C. E., Vol. LV, December, 1905, p. 413. Jonson begins his paper: 
“Frame works with rectangular panels and stiff joints, such as are gener- 
ally used in modern high buildings, are, of course, statically undetermined 
structures. The stresses in each member, therefore, are functions of 
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those in all the other members, so that no member can be figured except 
in relation to all the others, and only on the basis of a preliminary and 
more or less incorrect design, from which, by successive modifications, a 
practically correct. one may be evolved.” 

It may be stated here that the necessity of assuming column and girder 
sections before stress calculations can be made is common to all exact 
methods. 

Jonson’s method is the pioneer of the exact methods. It is based 
upon the fundamental proposition: In a beam with uniform cross-section, 
the deflection of one point measured from the tangent at another point is 
the sum of the moments of the bending moment on each unit of length 
between the two points, around the former point, divided by the modulus 
of elasticity and the moment of inertia, or, expressed in the language of 
the calculus 
M 
Be 


G) & dx 


Jonson determines an equation that he calls “the theorem of four 
moments.” He then writes it in two more forms, one for each of the two 
pairs of opposite corners of a rectangular panel. By means of these three 
equations the moments may be found in any framework composed of 
quadrangular panels. The labor of determining the unknowns is great, 
so much so as to make the method impracticable for ordinary use. 

1b. Melick’s Method.—Cyrus A. Melick presented as a © 
thesis for his doctor’s degree at the Ohio State University: ‘Stresses in 
Tall Buildings,” which was published June, 1912 as Bulletin 8 of the 
College of Engineering, a monograph of 227 pages. The equations 
for determining wind stresses are staggering. Dr. Melick concludes that 
it is impracticable to design a high building by any correct theoretical 
method; empirical rules must be deduced and followed. 

1c. Smith’s Method.—Professor Albert Smith of Purdue 
University: “Wind Stresses in the Steel Frames of Office Buildings,”’ in 
in the Journal of the Western Society of Engineers, Vol. XX, April, 1915, 
p. 341, presents a method by which the wind stresses are computed 
in accordance with the theory of least work. Like the preceding method 
the calculations are very lengthy, and the method is not adapted to actual 
practice. 

1d. Wilson and Maney’s Method.—By far the nearest 
approach to an exact method that is workable is the slope-deflection 
method of Professors Wilson and Maney as given in their ‘“Wind Stresses 
in the Steel Frames of Office Buildings,” Budlletin 80 (June, 1915), 
Engineering Experiment Station of the University of Illinois. As they 
state in their outline: ‘The method is based upon the proposition in 
mechanics used by Mr. Jonson, but the method which the writers have 
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developed differs from the one used by him in that the changes in the 
slopes and the deflections have been used as the unknown quantities 
instead of the direct stresses and the moments. Four members, two 
columns and two girders, intersect in a point. Each member is sub- 
jected to a different stress and a different moment, whereas all of the 
members are subjected to the same change in slope and all the columns 
in a story are subjected to the same deflection. It is therefore apparent 
that there are fewer unknown slopes and deflections than moments and 
direct stresses. The large reduction in the number of unknowns very 
much simplifies the solution of the equations.” 

2. Approximate Methods.'—From the foregoing it is seen that for 
determining wind stresses and wind moments in skeleton construction 
where diagonals are not used, resort must be had for purposes of practical 
design to approximate methods. Four methods in current use will 
be given. 

Considering a single bent: It will be assumed that all columns in 
any given story have the same sectional area and the same moment 
of inertia, that all girders of the same floor have the same moment of 
inertia, and that the joints are perfectly rigid. It is obvious that if the 
forces in the several members of the frame are small in relation to the 
stiffness of the members, the longitudinal distortions may be neglected; 
hence the adjacent joints occupying the corners of a rectangle will after 
distortion occupy the corners of an oblique parallelogram. 

It is assumed that the point of contraflexure of each column is at 
midheight of the story. The first method described further involves 
the tacit assumption that the girders have their points of contraflexure 
at midlength. Specific assumptions as to the distribution of column 
shears and direct stresses are made in the several methods. In none of 
the four methods are the assumptions strictly consistent. For example, 
in Method I the assumption as to location of points of contraflexure 
would make the distorted shape of panel constant in any given story, 
and from this would follow that the column shears must be equal; but the 
calculation gives column shears of different amount. 

The resistance to overturning will cause a direct stress in tension 
on the windward side of the neutral axis, taken by all or some of the 
columns on that side according to the method used, and a direct stress 
in compression on the leeward side taken by the columns on that side. 

Figures 1, 8, 10 and 14 give results obtained from calculations accord- 
ing to Methods I, I, I-A and III respectively. Loads and _ stresses 
are given in thousands. of pounds and bending moments in thousands 
of foot-pounds. Direct stresses are given in parentheses (). 


1 Revision and extension of an article, “Wind Bracing Without Diagonals for 
Steelframe Office buildings,” by the writer, in Engineering News, Vol. LXIX. 


March 13, 1913, p. 492. 
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2a. Method I.—This may be called the cantilever method 
and is a restatement with some modifications of an article entitled, 
“Wind Bracing with Knee-braces or Gusset-plates,’”’ by A. C. Wilson, 
in Engineering Record, Sept. 5, 1908. A section or bent of the building 
is considered similar to a beam loaded as a cantilever. 


If a beam of rectangular section be loaded as a cantilever with concentrated loads, 
it is possible by the theory of flexure to find the internal stresses at any point. If, 
however, rectangles be cut out of the beam between the loads, there will then be a 
different condition of stress. What was the horizontal shear of the beam will now be 

a shear at the point of the contraflexure 


Rijs Oe oH 6.0 oof of the floor girders, causing bending, and, 
‘al : as in the beam, the nearer the neutral 
8 BS axis the greater the shear. The vertical 
GO -" shear in the beam would be taken up by 
8 3 the columns as a shear at the points of 
eee (is — contraflexure and the amount of this shear 


taken by each column would, as in the 
ee beam, increase toward the neutral axis. 
ee The direct stresses of tension or com- 


q a pression in the beam would act on the 
3} & i ; : 
ae oth iflzor columns as a direct load of either tension 


or compression, and as in the beam would 
decrease toward the neutral axis. 

Each intersection of column with floor 
girders would be held in equilibrium by 
forces acting at the points of contraflex- 
ure; and to find all the forces acting around 
a joint at any floor the bending moments 
of the building at the points of contra- 
flexure of the columns above and below 
the floor in question are found as will be 
explained later. 

It is assumed that if a beam of con- 
stant, symmetrical cross-section and 


(4.85) 


Fig. 1.—Rectangular building frame. 
Direct and bending stresses calculated by 


approximate Method I. homogeneous material is fixed at both 
144.0 °='Bendine moment of 144,000 fale ends, and that if forces tend to move 
(4.0) = Direct stress of 4,000 lb. those ends from a position in the same 


straight line to a position to one side with 
the ends still parallel, reversed bending will occur with the point of contraflexure in 
the center of the unsupported span. And since this condition exists in all columns 
and floor girders it will be necessary to find the shears at the points of contraflexure 
as well as the direct stresses in all members. 


Figure 1 gives stresses and maximum moments in all member of a 
section of the building in accordance with the above statement. 

The calculation of stresses and bending moments in member about 
the sixth floor will be given in detail. The direct stress in any column 
is assumed to be proportional to its distance from the neutral axis of the 
cross-section of the building. In the cross-section considered, the 
neutral axis coincides with the center line of the building. The total 
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moment of the wind loads above the sixth floor about the line of inflection 
of the sixth-story columns must equal the moment of the direct stresses 
in these columns about the neutral axis. Let 8X be the direct stress in 
each of the sixth-story columns B and C, then 24X will be the direct 
stress in each of the sixth-story columns A and D. Hence we have 


(4,000) (30) + (6,000)(18) + (6,000) (6) = 
(24X)(24) + (8X)(8) + (8X)(8) 
+ (24.X) (24) 


Hrord whichieX =) 1,650 and 24% = 4,950.+ | 
In the same way for the fifth-story columns we have the equation 


(4,000) (42) + [(6,000) (30 + 18 + 6)] = 
2[(24X) (24) + (8X)(8)] 


From which 8X = 3,075, the direct stress in the fifth-story columns B 
and C; and 24X = 9,225, the direct stress in the fifth-story columns A 
and D. 

The total horizontal shear on any line across the building is the sum 
of the wind loads above that line. The shear taken by any column in 
any story is proportional to the total horizontal shear in that story. 


ar ontlys 1) F of contorlequre 
BOT: 


ae Oa Se BOL eae 4 5 Floor 
[>] 


Fic. 2.—Column shears and girder moments at sixth floor, calculated by Method I. 


In Fig. 2, if X = shear of any fifth-story column at its point of inflec- 
: 16,000 Some C s ; : 
tion, then 52 000~ or i1* = shear at point of inflection of the sixth- 


6,000 3 : 
story length of the same column, and 22,000 or 1+ = increment of 


shear taken by the column at the floor girder. 

We are now ready to consider the forces about the first joint, or the 
intersection of column A with the sixth-floor girder, sketched separately 
as Fig. 3. 

The difference between 9,225 and 4,950 = 4,275 is taken up as a 
shear in the floor girder between columns A and B. The moments of the 
shears must hold the joint in equilibrium. Taking moments about the 
lower point of inflection we have 


(84X)(12) + (3{1X)(6) = (4,275) (8) 
from which X = 3,300, 841X = 2,400 and 34,X = 900. 
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The bending moment M, for the floor girder is (4,275) (8) = 34,200 
ft.-lb. The bending moment for the fifth-story column is (3,300) (6) = 
19,800 ft.-lb., and that for the sixth-story column is (2,400)(6) = 14,400 
ft.-lb. The direct thrust on the floor girder is 6,000 — 900 = 5,100. 

Proceeding to the second joint, sketched in Fig. 4: The difference 
between 3,075 and 1,650= 1,425 acts as a shear in the girder between 
columns B and C. This added to the 4,275 shear continued from the 
girder between A and B makes a total shear of 5,700 in the girder. The 
equation of moments is 


(341X)(12) + (341X)(6) = (4,275)(8) + (5,700) (8) 


From which X = 7,700; 84;X = 5,600, and 34;X = 2,100 are the shears 
taken by column B to hold the joint in equilibrium. 


Sixth-floor joints of building frame, with stresses corresponding to Method TI. 


The bending moment M, of the girder from A to B at column B is 
the same as at column A with an opposite sign; M; of the girder from B 
to C, is (5,700)(8) = 45,600 ft.-lb. The bending moment of the fifth- 
story column is (7,700)(6) = 46,200 ft.-lb., and that of the sixth-story 
column is (5,600)(6) = 33,600 ft.-Ib. The direct thrust on the girder 
between B and C is 5,100 — 2,100 = 3,000. 

At the third joint, Fig. 5, the shear taken by the girder between C and 
D is 5,700 — (3,075 — 1,650) = 4,275. From the equation of moments 


(741X) (12) + (341X)(6) = (6,700)(8) + (4,275) (8) 
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whence 
X = 7,700, 841X = 5,600, 34;X = 2,100 


As expected, the moments in column C are numerically equal to those in 

column B, and the girder moments M, = M3, and Ms = Me. The 

compression in the floor girder between C and D is 3,000 — 2,100 = 900. 
At the fourth joint, Fig. 6, we have 


($41X)(12) + (341X)(6) = 4,275)(8) 


the same equation as at the first joint, and hence the same numerical 
values for moments and shears. 

If bays are of unequal span lengths, the direct stresses in columns 
will vary as their distances from the neutral axis. The column stresses 
will also vary as their sectional areas. 
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Fria. 7.—Column shears and girder moments at sixth floor, unequal bays, varying sectional 
areas, calculated by Method I. 


An illustration of unequal spacing of columns with varying sectional 
areas is given in Fig. 7. The widths of bays are 12, 20, and 16 ft. respec- 
tively, the sectional area of column A is assumed 1A; of column B, 
1.7A; of column C, 2.0A; and of column D,1.3A. The portion of trans- 
verse bent illustrated in Fig. 2 is shown in Fig. 7. 

The distance of the neutral axis from left-hand side of the bent equals 


[(1A)(0) + (1.7A)(12.) + (2.0A)(32.) + (1.84) (48)] 
+ (1A + 17A + 2.0A + 1.8A) = 24.47 ft. 


The bending moment of wind loads above the sixth floor about the 
line of inflection of the sixth-story columns equals, as before, 


(4,000) (30) + (6,000)(18) + (6,000) (6) = 264,000 ft.-lb. 


The bending moment of wind loads above the fifth floor about the 
line of inflection of the fifth-story columns, equals, as before 


(4,000) (42) + (6,000)(30) + (6,000)(18) + (6,000)(6) = 492,000 ft.-lb. 
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These moments must equal the moments of the direct stresses in the 
columns about the neutral axis. Since the direct stress in each column 
varies both as its distance from the neutral axis and its sectional area, 
we have, 


Y= stress in column A (area 1A and distance 24.47 from 
neutral axis) 


(1.7)42.47) 5, 


94 47 = stress in column B (area 1.7A and distance 12.47 from 


neutral axis) 


_(2.0)(7.53) 


a4 47 = stress in column C (area 2.0A and distance 7.53 from 


neutral axis) 


(1.3) (23.53) y 


meron 7 ams a stress in column D (area 1.3A and distance 23.53 from 


neutral axis) 


From the equality of moments, we have for the sixth-story columns, 
(1.7) (12.47) (2.0) (7.53) 


(CAA ogg (A247 (Pos) 
(1.3) (23.53) _ 
ae (Y)(23.53) = 264,000 


From this equation the stress in A = 3,810, B = 3,300, C = 2,350, 
and D = 4,760. 

For the fifth-story columns the left-hand member of the above equa- 
tion = 492,000 from which is found the stress in A = 7,100, B = 6,150, 
C = 4,380, and D = 8,870. 

Having the direct stresses in columns the bending moments in col- 
umns and floor girders and the direct stresses in girders are determined 
precisely as before. The bending moments in girders are found to be as 
follows: 


M, 
Ms 


+19,740, M, = —19,740, M; 
— 61,390, Ms = +32,870, M, 


+61,390 
— 32,870 


I 
l| 
I 


The bending moments in sixth-story columns are, A, 8,300; B, 34,160; 
C, 39,700; D, 13,840. The bending moments in fifth- Pie aainane are, 
A, ll 420; B, 46,970; C, 54,580; D, 19,030. The direct compression 
stresses in is pixthedeer girders ent the load of 6,000 are, A to B, 
5,480; B to C, 3,340; C to D, 865. 

The designer an siete method he follows will find short cuts 
and ways of checking his work. For instance, the numerical sum of the 
bending moments in any row of floor girders equals the numerical sum 
of the moments of column sections immediately above and below the 
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girders. For the sixth-floor girders the numerical sum of the bending 
moments is © 


(16,000 ++ 22,000) (6) = 228,000 


for all the cases illustrated. 

2b. Method II.—This may be called the method of equal 
shears. It is assumed that the horizontal shear on any plane is equally 
distributed among the columns cut by that plane. The stresses and 
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Fic. 8.—Rectangular building frame. Direct and bending stresses calculated by approxi- 
mate Method II. 


120.0 = Bending moment of 120,000 ft.-lb. 
(4.0) = Direct stress of 4,000 lb. 


maximum bending moments for a cross-section of ‘the building are as 
given in Fig. 8. 

Taking any aisle we find the direct stress in the fifth-story columns to 
be 


(5:20am) + (8202) + (82%) + 


Ce) (6) + 16 = 10,250 


The direct stresses coming upon any interior column from the adjacent 
aisles are equal in amount but opposite in direction. Hence their 
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algebraic sum is zero and only the outside columns have direct stresses. 
This may be found directly for any story, say the sixth, 


(4,000) (30) + (6,000) (18) + (6,000) (6) divided by 48 = 5,500 
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Fie. 9.—Column shears and girder moments at sixth floor, calculated by Method II. 


Considering in detail, as in Method I, the sixth floor, we have in Fig. 9 
the direct stresses and shears in the columns. 

The shear in each girder is 10,250 — 5,500 = 4,750. The equations 
for bending moments in the girders are as follows: 


M, = [(4,000)(6) + (5,500) (6)] = 

+57,000 ft.-Ib. 
M, = [(4,000)(6) + (5,500) (6)] — [(10,250 — 5,500) (16)] = 

— 19,000 ft.-lb. 
M, = 2{(4,000)(6) + (5,500)(6)] — [(10,250 — 5,500) (16)] = 


+38,000 ft.-Ib. 
Mz = 2{(4,000) (6) + (5,500) (6)] — [(10,250 — 5,500) (32)] = 

—38,000 ft.-lb. 
Ms = 3{(4,000)(6) + (5,500)(6)] — [(10,250 — 5,500) (32)] = 

+19,000 ft.-Ib. 
Me = 3[(4,000) (6) + (5,500) (6)] — [(10,250 — 5,500)(48)] = 

—57,000 ft.-lb. 


The bending moment at the sixth-floor girder of each sixth-story 

column is (4,000)(6) = 24,000 ft.-lb., and of each fifth-story column 
is (5,500)(6) = 33,000 ft.-Ib. 
_ The compression in the floor girders is 6,000 — 1,500 = 4,500 between 
columns A and B, 4,500 — 1,500 = 3,000 between B and C, and 3,000 — 
1,500 = 1,500 between C and D. General equations can easily be 
deduced which will simplify the calculation of stresses and moments for 
other floors. 

If the spaces between columns are unequal and it is assumed that 
each transverse bay takes equal wind loading, the direct stresses in an 
interior column from adjacent bays will be unequal. It is better to 
assume the wind loading taken by each bay to be proportional to its 
span length and thus have all direct stresses resisted by the outside. 
rows of columns. (For horizontal shears in columns assumed propor- 
tional to their moments of inertia, see Method IT-A.) 
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2c. Method II-A.—This is a special case of Method II 
and may be called the portal method. The structure is regarded as 
equivalent to a series of independent portals. The total horizontal 
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Fig. 10—Rectangular building frame. Direct and bending stresses calculated by approxi- 
mate Method II-A. 
Loads and shears at points of contraflexure are given in thousands of pounds. 
120.0 = Bending moment of 120,000 ft.-lb. 
(4.0) = Direct stress of 4,000 lb. 


Fia. 11.—Column shears and girder moments at sixth floor, calculated by Method I-A 


shear on any plane is divided by the number of aisles instead of by the 
number of columns as in II. An outer column thus takes but one-half 
the shear of an interior column. The stresses and maximum bending 
moments for a cross-section of the building are as given in Fig. 10. 
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For equal spacing the direct or vertical axial stress due to the over- 
turning moment of the wind is all taken by the outside columns and 
is the same in amount as in Method II. 

Considering in detail the sixth floor, we have in Fig. 11 the direct 
stresses and shears in the columns. | 

The shear in each girder is 10,250 — 5,500 = 4,750. The equations 
for bending moments in the girders are as follows: 


M, = [(2,667)(6) + (3,667)(6) = +38,000 
M, = [(2,667)(6) + (3,667) (6) — (10,250 — 5,500)(16)] = — 38,000 
M; = [(2,667)(6) + (3,667) (6) + (5,333) (6) + (7,333) (6) 
— (10,250 — 5,500) (16)] = +388,000 
M, = [(2,667)(6) + (3,667) (6) + (5,333) (6) + (7,333) (6) 
— (10,250 — 5,500) (32)] = —88,000 
Ms = [(2,667)(6) + (3,667)(6) + 2(5,333) (6) + 2(7,333) (6) 
— (10,250 — 5,500) (32)] = +38,000 
Ms = [(2,667)(6) + (3,667) (6) + 2(5,333) (6) + 2(7,333) (6) 
. — (10,250 — 5,500) (48)] = —38,000 


The bending moment at the sixth-floor girder of each outer sixth- 
story column is (2,667)(6) = 16,000 ft.-lb., and of each inner sixth- 
story column is (5,333)(6) = 32,000 ft.-lb. At the fifth-floor girder 
the bending moment of each fifth-story outer column is (3,667)(6) = 
22,000 ft.-lb. and of each fifth-story inner column is (7,333)(6) = 44,000 
ft.-lb. 

The compression in the floor girders is 6,000 — 1,000 = 5,000 
between columns A and B, 5,000 — 2,000 = 3,000 between B and C, and 
3,000 — 2,000 = 1,000 between C and D. 

It is noted from the above that the bending moment in an outer 
column is one-half that in an interior column; that the point of contra- 
flexure of each girder is at its center; and the bending moments due to 
wind for all girders of any transverse bent on the same floor are alike. 
This is an ideal condition for the detailer and the shop. The designer 
finds this method very simple and his work easily checked. The bending 
moment in a girder is the mean between the bending moments in the 
interior column above and below the girder. 

If the spaces between columns are unequal, the wind loading taken 
by each bay should be assumed proportional to its span. This brings all 
direct stresses to the outside columns. The bending moment at each 
end of a floor girder if moments of inertia of columns are the same will be 
the same though they will not be alike for all the girders of a floor. 

Horizontal shears in columns are proportional to their respective 
moments of inertia. An illustration of unequal Spacing of columns and 
varying moments of inertia is given in Fig. 12. 
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The widths of bays are as in Fig. 7; 12, 20, and 16 ft., and the moments 
of inertia are 17 of column A, 1.7J of column B, 2.0I of column C, and 
1.32 of column D. Assuming each single bent to take wind loading 
proportional to its width the direct stresses coming upon any interior 
columns from adjacent bays will still be equal in amount but opposite 
in sign and their algebraic sum will be zero. The outside columns only 
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Fre. 12.—Column shears and girder moments at sixth floor, unequal bays, varying moments 
of inertia, calculated by Method II-A. 


will have direct stresses from the wind and of same amount as before. 
The bending moments in the sixth-floor girders are as follows: 


M, = (2,667) (6) + (3,667)(6) = +38,000 
M, = [(2,667 + 3,667) (6)] — [(10,250 — 5,500)(12)] = —19,000 
M; = [(2,667 + 3,667)(6) + (4,533 + 6,233) (6)] — [(10,250 — 5,500) 
(12)] = +45,600 
M, = [(2,667 + 3,667)(6) + (4,533 + 6,233) (6)] — [(10,250 — 5,500) 
(32)] = —49,400 
M; = [(2,667 + 3,667)(6) + (4,533 + 6,233)(6) + (5,333 + 7,333) (6)] 
— [(10,250 — 5,500) (32)] = +26,600 
Mg = [(2,667 + 3,667)(6) + (4,533 + 6,233) (6) + (5,333 + 7,333) (6)] 
— [(10,250 — 5,500) (48)] = —49,400 


The bending moments in columns are the shears given at points of 
contraflexure multiplied by one-half the column lengths. The direct 
compression stresses in the sixth-floor girders are, A to B, 6,000 — 1,000 
= 5,000; B to C, 5,000 — 1,700 = 3,300; C to D, 3,300 — 2,000 = 1,300. 
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Methods I and IT-A are specially adapted to transverse bents when the 
columns are turned as in Fig. 13; also when the outer columns carry floor 
loads only and the stresses are but one-half those of the inner columns. 


Fria. 13—Cross-section of columns in transverse bent. 


2d. Method III.—This may be called the continuous portal 
method. The direct stresses in the columns are assumed to vary as their 
distances from their neutral axis, and the horizontal shear on any plane 
is equally distributed:among the columns cut by that plane. | Stresses 
and maximum bending moments for a cross-section of the building are 
as given in Fig, 14, 
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Fie, 14.—Rectangular building frame. Direct and bending stresses calculated by approxi- 
mate Method III. 


144.0 = Bending moment of 144,000 ft.-lb. 
(4.0) = Direct stress of 4,000 lb. 

The direct stresses in the columns are found the same way and are 
the same in amount as in Method I. 

Considering in detail the sixth floor, we have in Fig. 15 the direct 
stresses and shears in the columns. The shear in the girder A to B and 
the girder C to D ig 9,225 — 4,950 = 4,275. The shear in the girder B 
to C is (9,225 — 4,950) + (3,075 — 1,650) = 5,700. 
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The equations for bending moments in the girders are as follows: 


M, = [(4,000)(6) + (5,500) (6)] = +57,000 ft.-lb. 
M, = [(4,000)(6) + (5,500) (6)] — [(9,225 — 4,950)(16)] = —11,400 


ft.-lb. 

M; = 2[(4,000)(6) + (5,500) (6)] — [(9,225 — 4,950)(16)] = +45,600 
ft.-lb. 

M4 = 2[(4,000)(6) + (5,500) (6)] — [(9,225 — 4,950) (32)] — [(3,075 — 
1,650) (16)] = —45,600 ft.-lb. 


Ms = 3[(4,000)(6) + (5,500) (6)] — [(9,225 — 4,950)(32)] — [(3,075 — 
1,650) (16)] = +11,400 ft.-lb. 
Ms = 3[(4,000)(6) + (5,500) (6)] — [(9,225 — 4,950) (48)] — [(8,075 — 
1,650)(32)] + [(3,075 — 1,650)(16)] = —57,000 ft.-Ib. 
The bending moment at the sixth-floor girder of each sixth-story 
column is (4,000)(6) = 24,000 ft.-lb., and of each fifth-story column is 
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Fie. 15.—Column shears and girder moments at sixth floor, calculated by Method III. 
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(5,500)(6) = 33,000 ft.-Ib. The compression in the floor girders is 6,000 
—1,500 = 4,500 lb. between columns A and B, 4,500 — 1,500 = 3,000 
between B and C, and 3,000 — 1,500 = 1,500 between C and D. 

If the columns are unequally spaced or their sectional areas are differ- 
ent, the location of the neutral axis must first be found. The direct 
stresses in the columns will vary both as their distances from the neutral 
axis and their sectional areas. The horizontal shears taken by the col- 
umns will vary as their moments of inertia. This may be illustrated by 
assuming direct stresses as in Fig. 7 and horizontal shears as in Fig. 12. 
The bending moments in sixth-floor girders will then be: 


M, = (2,667)(6) + (3,667)(6) = +38,000 

M, = [(2,667 + 3,667)(6)] — [(7,100 — 3,810)(12)] = —1,470 

M; = [(2,667 + 3,667)(6) + (4,533 + 6,233) (6)] — [(7,100 — 3,810) 
(12)] = + 63,110 

My, = [(2,667 + 3,667)(6) + (4,533 + 6,233)(6)] — [7,100 — 3,810) (32) 
+ (6,150 — 3,300)(20)] = —59,670 

M; = [(2,667 + 3,667) (6) + (4,533 + 6,233) (6) + (5,333 + 7,333) (6)] 
— [(7,100 — 3,810) (32) + (6,150 — 3,300)(20)] = +16,310 

M, = [(2,667 + 3,667)(6) + (4,533 + 6,233) (6) + (5,333 + 7,333) (6)] 
— [(7,100 — 3,810)(48) + (6,150 — 3,300) (36) — (4,380 — 2,350) 
(16)] = —49,440 


464 STRESSES IN FRAMED STRUCTURES [Sec. T—2e 


The bending moments in the columns are the shears at the points of 
contraflexure, as shown in Fig. 12, multiplied by one-half the column 
lengths. The direct compression stresses in the sixth-floor girders are, 
from A to B, 6,000 — 1,000 = 5,000; B to C, 5,000 — 1,700 = 3,300; 
C to D, 3,300 — 2,000 = 1,300. 

Method III is limited to transverse bents of not more than four bays. 
In bents of five bays the points of contraflexure of girders in the leeward 
bay fall outside of the girders and the method fails. This is readily 
shown by Fig. 16. Two bays and two columns are added to Fig. 15. 
The same total shear is divided between six columns instead of four and 


Fie. 16.—Illustrating failure of Method III. 


direct stresses in columns are determined in accordance with the increased 
width. From equations of moments 


M, = +8,750 

M, = —43,450 

My = (5(2,667 + 3,667) (6)] — [(4,392 — 2,357) (64) + (2,635 — 1,414) 
(48) + (878 — 471)(32) — (878 — 471)(16)] = —5,340 

My = [5(2,667 + 3,667)(6)] — [(4,392 — 2,357)(80) + (2,635 — 1,414) 
(64) + (878 — 471)(48) — (878 — 471)(32) — (2,635 — 1,414) 
(16)] = —37,920 


l| 


Moments My, and Myo have the same sign, bringing the point of contra- 
flexure between columns D and £ outside the girder considered. 
2e. Choice of Methods.—Each of the foregoing approximate 
methods has its advocates. At the present time Method II and IIJ-A 
are probably more used than any other. The writer followed Method I 
in designing the 20-story Finance Building in Philadelphia and Method 
II-A for the 18-story Hurt Building in Atlanta. He believes that I is 
more in accordance with the true distribution of stresses but because II-A 
simplifies and duplicates connections he is often inclined to use it. To 
quote Professor W. H. Burr: ‘So long as the stresses found by one legiti- 
mate method of analysis are provided for, the stability of the structure 
is assured.” 
The designer wishes to calculate stresses before column and girder 
sections are determined. He can do so by assuming in Method I the same 
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sectional areas for all columns in a transverse bent, in Method II the 
same moments of inertia, or in Method II-A the moments of inertia of 
columns in the outside rows when turned as in Fig. 13, to be one-half 
those of the interior. The error is usually small but some thought 
given at the outset will enable him to foresee marked differences, if 
any, and make his calculations accordingly. 

It is not always practicable, or even advisable, to hold rigorously 
to one system of bracing throughout. A considerable portion of wind 
pressure may sometimes be carried to the ends of a building and thence 
transferred to the foundation by connections that are not permissible 
in interior bents. 

Buildings like the Fuller, the Singer, the Woolworth or the Metro- 
politan Tower in New York City, are each in a class by itself and for 
such structures no general rules can be laid down for wind bracing. 
For unusual structures like these, careful study must be made and 
special methods often be devised. 

A building should be examined for wind in a longitudinal as well 
as in a transverse direction and provision made if necessary. This 
is quite obvious but in some instances it has been neglected. 

3. Working Stresses.—Because wind loads are intermittent and 
seldom reach their maximum, greater working stresses are permitted 
than for the roof, floor, and dead 
loads. The New York and Chi- 
cago codes allow for the combined 
stresses due to dead, wind, and 
other live loads an increase of 50 
per cent in the working stress over 
that allowed for the dead and other 8B 
live loads alone, provided the sec- Fie: 17.—Graphical combination of mo- 

: : ; ments from vertical loads and wind loads in 
tion thus obtained is not less than goor girder. 
that required if wind force be neg- 

lected. This is equivalent to neglecting wind stress when it does not 
exceed 50 per cent of the stress due to the combined dead and other 
live loads. 

It is often convenient to assume wind loads on the basis of using 
the same working stresses as for dead and other live loads. A number of 
building codes call for a horizontal wind pressure of 30 lb. per sq. ft. 
and allow working stresses to be increased 50 per cent for wind bracing. 
A wind load of 30 lb. per sq. ft. with working stresses of 24,000 lb. per 
sq. in. is equivalent to a load of 20 Ib. per sq. ft. with a working stress 
of 16,000 Ib. per sq. in.—the working stress generally used for live and 
dead loads. A wind load of 20 Ib. per sq. ft. with working stress of 24,000 
Ib. per sq. in. is equivalent to 1314 lb. per sq. ft. with working stress of 


16,000 lb. per sq. in. 
30 


<x 6” Floor 


a 
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The diagrams of moments for any floor girder can easily be com- 
bined in one figure (see Fig. 17), and the total moment at any point 
read by scaling. For floor loading moment Fig. 17 is drawn for beam 
with ends supported. 

4. Details.—The part that belongs to the detailer in making wind 
bracing efficient is often underrated. It is folly to add material to 
columns or floor girders to resist stresses and moments due to wind and 
then neglect details. Yet this is sometimes done. Care should be taken 
that column splices are strong enough for bending and that connections 
of floor girders to columns can resist the bending moments coming upon 
them. To do the latter and keep within prescribed architectural limits 
will often tax the ingenuity of the detailer. In fact, this particular 
phase should be borne in mind by the designer. It may influence him in 
proportioning members. In one particular instance the bending 
moments at the ends of a 15-in. floor beam were so large that connections 
could not be made to columns without encroaching on corridor space. 
The difficulty was obviated by substituting for the beam two 15-in. 
channels, which were connected to opposite sides of the columns. Other 
devices may be required elsewhere. 


SECTION 8 


RECTANGULAR TOWER STRUCTURES 
By 8. G. Rorsriap 


1. Statically Determinate and Indeterminate Structures.—Framed 
tower structures have to be classified and treated as structures in space— 
that is, the principal stress-carrying members are not all located in 
one plane. Before proceeding with determination of the stresses in a 
framed structure of any kind, it is necessary to investigate the rigidity of 
the framing and ascertain whether or not the structure is statically 
determinate. 

Considering an arbitrary structure in space, we will assume 


m = total number of joints. 
nm = number of members. 
r = number of rigid supports. 


ll 


We then have n + 3r unknown quantities. It is possible to form 3m 
equilibrium equations, hence we have n + 3r = 3m, or 


n = 3(m — 1) (1) 


which gives us the number of necessary members to form a statically 
determinate structure, providing an inspection of the frame work shows 
each separate joint to be stable. 

2. Stress Diagrams.—If we have a rectangular tower structure with 
straight corner posts (not necessarily vertical), we can determine the 
stresses by considering the four sides in turn as cantilever trusses fixed 
at the bottom. The external loads are divided into components, 
which lie in the planes of the tower sides. The stresses in the corner posts 
are obtained by adding up the adjacent cord stresses in the trusses, and 
the web stresses will appear directly in the stress diagrams. 

If the corner posts are not straight, we can take each panel, or number 
of panels, which have straight corner posts, separately, and determine 
the stresses in the same manner as above. The stresses in the top 
section are computed first, and the stresses in the bottom members 
of this section are then considered as external forces acting on the section 
immediately below, repeating this procedure until the bottom of the 
tower is reached. 

This method, however, is very tedious, and we will, therefore, show 
how it is possible to draw a continuous stress diagram where the stress 
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in each member is represented by its projections on the two vertical 
symmetry planes of the tower. 

Figure 1 represents an arbitrary tower structure with rectangular 
cross-sections. The sides of the tower are labelled A, B, C, and D, and 
each side is shown in elevation, looking from the outside towards the 
center of the tower. The two symmetry planes will in the following be 
referred to as the YZ- and the XZ-planes. ‘Two external forces, P and 
Q, are acting at the top and are represented in the diagram by their com- 


A. 


Double lines indicate compression 44S aH 
Single lines indicate tension. 


A B 
Jae, hs 


ponents Pye, Qee, Vyz, and P,z, acting on the sides A, B, C, and D respec- 
tively. The stress diagram is divided into four parts one for each side 
of the tower, which parts are also labelled A, B, C, a D: 

If we first consider the side A, we find the force P,, acting at the joint 
a, resisted by the members R-1, 1-17, and 16-17. We draw in the dace 
the force polygon R-16-1-R, where R-1 is the final stress in this member 
but 1-16 is the projection in the YZ-plane of the resultant to 1-17 and 17- 
1 6. We cannot at this stage determine these stresses but proceed to the 
joint 6 and draw the force polygon 1-6-2-1, giving us the stresses 2-6 and 2-1. 
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We now move to the side B and investigate the XZ-projection of the 
joint 6. R-1 has no projection in this plane, and the XZ-projection of 
1-2 is equal and reversed to 2-6. Hence S-6 = 0. 

At the joint y the external force Q.. is acting, and we draw the polygon 
6-11-7-6, giving us the stresses 6-7 and 11-7. 

Proceeding to the YZ-projection of the joint y, side C, we draw the 
polygon 6-T-11-6, and, if we project 6-7 and 7-11 into this plane from B, 
we get the complete polygon for this joint, 6-T-11-7-6. Next we draw the 
polygon for the joint 6 and get the stresses 11-12 and 12-16. 

Moving to the side D and investigating the XZ-projection of the 
joint 4, we find U-16 = 0. The next step brings us to the XZ- projection 


\ DAS 
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Dash lines indicate redundant members. 
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of the joint a, and we draw the polygon / 6-1-17-16, giving us the stresses 
16-17 and 1-17. If we project the stress 1-17 into diagram A, we can 
complete the polygon for the YZ-projection of the joint a; in the diagram 
we get 16-6-1-17-16. 

As may be seen from the diagram, it is necessary to make a vertical 
adjustment of the projecting lines between Cand D. This would not be 
necessary if the vertical components of the two forces P and Q were equal. 

It has to be remembered that each stress is represented by its two 
projections, which have to be combined to get the actual stress in the 
member in question. 

If we draw the line ac, in elevation A, normal to the base line of the 
tower, aid measure off the distance be equal to ad in the plan view, ba 
represents the actual slope of the member A-10. If in the diagram, we 
draw A-10’ parallel to ab, A-10’ is the actual stress in the member. As 
may be seen, the percentage of error is very small if we assume A-10 to 
be the actual stress instead of A-10’. In general, it is not considered 
necessary to make this correction unless the slope of the corner posts is 
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very great. The stresses in the horizontal struts are, of course, shown 
in their actual length in the diagram, and the error in the stresses in the 
diagonals is negligible if we take the long projection as the actual stress. 
3. Redundant Members in Transmission Towers.—If we investigate 
the static condition of a common transmission tower, we generally find 
that the structure has too many members to be determinate. We willin 
this article look into the most common forms of redundancy in this type 
of structure. 
3a. Horizontal Bracing.—It is the usual practice to provide 
horizontal bracing of the cross arms, as is shown in Fig. 2. It is obvious 
that these horizontal diagonals will receive practically no stress when the 
loading is symmetrical, but, when the tower is subjected to torsion they 
materially change the stress distribution. 


L = Corner posts. 
S= Struts 
9 Diagonals 
K, = Coefficent 
ke * Coettrent 


Iie, B, 


We will assume that 


S = stress in any of the necessary members. 
S; = stress in the cross arm diagonal. 
S’ = stress in any of the necessary members with the cross arm 
diagonal removed. 
u = stress in any of the necessary members due to a unit ten- 
sion in the cross arm diagonal. 
Li, A, and! = modulus of elasticity, area of cross-section, and length 
of any member. 


We have then from the theory for statically indeterminate structures 


S=S' +s | 

oe ius (2) 
Stul 
y AE 

Sal e 
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Figure 3 represents any such rectangular tower with a diagonal brace 
of the cross arm. The external loading consists of an unbalanced pull, 
P, which can be replaced by a couple, ee x b, and ashear force, P, acting 


at the right side of the body of the tower. The unit tension in the 
diagonal we assume to be (2) + 1, which can be replaced by its 


b : : : 
components, is and 1. Selecting any intermediate panel of the tower, we 


get the values of S’, wu, 1, A, etc., as follows: 


ds nee = = i, a 7 lh as in Pe ae ates teal 
Ls bs —P + EP a - on z || re [as ah x ak ie = ed l= ats ai cant =| 
ts | +fep—he| RE) EPDM 4 Me MM) ly Be 2) 
Pe Geico | aya les © com A lait aoe cae 
male (se = 

Se | hep +h: ae | EAE x ae iit 

Sa 0 he ea 0 hate 
pee [oe |e | Sexe a 

De | +h thie | | Hae aoe be ds 

De | +mcttp mae | Me) BE Xe a 

Ds 0 hare a 0 i ee 


ul 
After having added up the values of i ar and— Aus assuming the summa- 


tions to extend over the entire structure, we es 


fa Sam es Darn co te ak * ad ab, =) +37: (20 ae 
62 
i EOE “4 =-(4 ra bay aandb Se (Fitan + 
: oe )*E1 (2h — Mae) 


aah (ie at) 


(4) 
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This is the general expression for S:, which may be simplified for 


special cases. 
If we have a square tower with all four sides of equal rigidity, we get 


a& = b, dn = bn, ki = ke, and 
Si = 


oV/3 (5) 


If we have a rectangular tower with one side of uniform width and the 
other side tapering from the bottom towards the top, and if we further 


d 


assume that =-",b, = constant = the average width of the taper- 


n n 


ing side, and that A, is very large in comparison to A; and Az, we 


get @ = Qn, hi = 1, ko = os and finally 
mee ; 
8 ac pe — 5.0 
ON b 
| thy Al +E 
and the component of S;, parallel to the side hs 


(5) ° = 


Sa= (7) 


aye 7 


and the component of S;, parallel to the side i 


Nae 


COE ‘ 


If all four corner posts are vertical, that is a = dn, b = ba, and ky = 
k, = 1, we get 
aes 2G Vee — 4 


(+O a[GQh+H 


and the two components, S, and S;, 


wok ie = a 


Sa= (10) 


aly] 
(5 )%e — 4 


Sp = P. (11) 


l(a 


(6) 


(9) 
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Expressions for other special shaped towers may be arrived at from 
the general Eq. (4) as required. 

After the stress in the cross arm diagonal is determined, we can 
replace this member by two external forces of the magnitude S; and pro- 
ceed with the stress diagram as shown previously. 

3b. Ground Wire Support.—The common square type of 
transmission tower generally has its ground wire support formed by four 
members coming together to a point at the extreme top (Fig.2). Only three 
members are, of course, necessary to form a rigid support, resulting in one 
redundant member. As the four members are arranged symmetrically, the 
stresses can, however, be determined on the basis of equal distribution. 
3c. Double Diagonal Systems.—It is often found economical 

to use a double diagonal compressive system of framing for the sides of a 
tower when its width is small in comparison to its height. All horizontal 
struts will then become redundant, as is indicated in Fig. 2. Theoretical 
investigations show that this form 
of redundancy can be taken care 
of, with a small percentage of error, 
by assuming that each diagonal sys- 
tem carries one-half of the load and 
that the struts carry the necessary 
amount of horizontal shear to bring 
about the equal load distribution. 

4, Distribution of Torsion in 
Transmission Towers.—The force 
P, acting at the end of a cross arm, 


a 
can be replaced by a torsion moment, P(c aie 5) and a shear force, P, 


acting at the center of the tower. We will assume that the influence on 
the four tower sides is expressed by the forces S, To, 1, and S;, located 
as shown in Fig. 4. We now get 


T.b + Ty = P(c “i 5) 


P 
Sip 
and, if the cross arm is not provided with diagonal bracing, we get 
c ie Ts _ 2¢ 
Le = BP 4h => 9 and = b 


If we assume a = b and provide the tower with diagonal bracing, we 
get, applying Eq. (5), 
T, = 


| 
me 
- 
| 


Tos eee 
a 
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and p = 1, which shows that, if we have diagonal bracing of the 


cross arm and make the four tower sides of equal rigidity, the torsion 
effect is divided equally between the four sides of a square tower. 


lines indicate compression 
Single lines indicate. Fension 
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Fig. 5. 


If we investigate the influence of the cross arm diagonal on the torsion 
distribution of a rectangular tower with vertical corner posts, we find 
using Eq. (9), 


aS 


es 
Th @ (12) 


[=] 
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Using Eq. (6), which applies on a rectangular tower with one side of 
uniform width and the other side tapering towards the top, we get 


IB b3 
T, = ab. (13) 


5. Simplified Stress Diagrams for Special Loadings.—The stress 
diagram described in Art. 2 can be greatly simplified under certain condi- 
tions of loading. 

If the tower is subjected to straight overturning (no torsion), we can 
treat the two sides in which the forces are acting as cantilever trusses and 
draw the diagrams accordingly (Case I, Fig. 5). The only effect pro- 
duced in the two other sides is a stress in the struts at such points where 
the corner posts change direction. A diagram of this type is generally 
called a shear diagram. 

If we have torsion without overturning on a square tower (Case II 
Fig. 5), and the effect is evenly distributed over the four sides, the four 
parts of the diagram become identical, making it necessary to draw only 
one part. This is called a torsion diagram. If the tower is rectangular, 
but not square, it is necessary to include two adjacent sides in the dia- 
gram, the stresses in the opposite sides being similar. 

Vertical loads acting symmetrically produce no web stresses except 
in the horizontal struts at such points where the corner posts change 
direction. 

6. Loads on Transmission Towers.—The usual loads on a trans- 
mission tower consist of unbalanced wire pull, wind load on the wires and 
the structure itself, weight of wires, insulators and other hardware, and 
dead load of the tower structure. 

The wire pull may be caused by broken wires, change in the direction 
of the line, change of wire size, etc. The parabolic equation, y = cw?, is 
generally used as a basis for computing wire pulls and may be considered 
sufficiently accurate when the sag is small in comparison to the span. 

We will assume 


S = span. 
d = sag below lower wire support. 
w = load per lin. ft. of horizontal projection of wire (weight of wire, 
ice coating, wind). 
h = difference in level of wire supports. 
x, = horizontal distance from high support to lowest point of wire. 
x2 = horizontal distance from low support to lowest point of wire. 
horizontal component of wire pull. 
@;, a = angles of wire with horizontal at high and low wire supports 
respectively. 
L = length of wire between supports, 


q 
] 
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The following formulas are of interest in connection with wire pull 
computations: 


ges ny < S 73 (approx.) (14) 
6(L — 8) — 39 
c= : ae dt (15) 
RAR : x @ ie “ : x < - so ar oe (approx.) (17) 
d+h= ey . (18) 
ae a (19) 
tan a, = oe +2 (20) 
nae oe = é (21) 


If the two wire supports are at the same level that is h = 0, the 


formulas will be reduced to 
Swe] S 
ul 2 N6(L — 8) ee 


Coe, (23) 
LS t= oe (24) 
a= 5" (25) 
tan a; = tan a, = 2 (26) 


There is great diversity of opinion among engineers as to specifica- 
tions for longitudinal strength of tower structures, due largely to the 
conflicting interests of the different public utilities concerned with the 
construction of overhead lines. The National Electrical Safety Code, 
Handbook Series of the Bureau of Standards, No. 3, is generally con- 
sidered to contain the most authoritative digest of loading requirements 
for different types of transmission line construction. 

7. Illustrative Problem. 

Ta. Outlines and Loading.—Figure 6 shows a square double 
circuit transmission tower of the suspension type with one ground wire, 
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which is to be designed in accordance with the following loading 


specification: 


Wire pull: 5,000 lb. at each of any two conductor supports at the same 
side of the tower (two broken conductors). 
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AT 


Wind on wires: 1,000 Ib. at each wire support normal to direction of 


line. 


Wind on tower: 20 lb. per sq. ft. of exposed area of each face, normal 
to direction of line. 


Vertical loads: 1,000 lb. at each wire support. 


Dead load of towet. 
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7b. Redundant Members.—We will assume that the double 
diagonal compressive system of framing is used throughout the tower 
except in the bottom panel. 

Investigating the static condition of the structure, we find 135 mem- 
bers, 41 joints, and 4 rigid supports. According to Art. 1, the number of 
necessary members is 3(41 — 4) = 111, hence we have 24 redundant 
members. These consist of 20 horizontal struts, 1 ground wire support 
member, and 3 cross arm diagonals. 

7c. Wire Pull.—The maximum stresses due to wire pull will, 
in this case, be produced when the two upper conductors are broken 
(except as noted in the following). To arrive at these stresses we can 
either divide the effect of the pull into shear and torsion, as is explained in 
Art. 4 (Alt. J), or we can draw a diagram as shown in Art. 2, which will 
give the final stress due to wire pull directly (Alt. JJ). Diagrams of 
both types have been shown in Fig. 6, but all stress tables are based on 
Alt. I. 

As the tower is square and of symmetrical design, the torsion will 
be divided equally between the four sides. Using Eq. (5), we get for the 
upper and lower cross arms 


S, = (5,000) REV? = 1,940+/2 


and for the middle cross arm 


ie (5 = 4) 
= (5,000) z £5) a/2 = 3,060+/2 


Atal 
Upper and lower cross arm 
S = (14)(5,000) = 2,500 
5,000) (8 

a (2000S) LSS = 4,450 

Middle cross arm 
S = (14)(5,000) = 2,500 
(5,000) (10) 


i = 5,560 
(2) (4.5) 4 
Alte ., 
Upper and lower cross arm 
SD 
Face A, P. = CS ae) (5,000) — 1,940 = 4,450 (= 7) 


Face B, P; = 5,000 + 1,940 = 6,940 (=8+T) 
5.75 

Face C, P, ‘Ge 5) ©, 000) — 1,940 = 4,450 (= 7) 

Face D, Pg = 1,940 | (meee, 


I 


Sec. 8-7d] RECTANGULAR TOWER STRUCTURES 479 


Middle cross arm 


Face AP, = (2 75) (5,000) — 3,060 = 5,560 (= T) 
Face B, P; = 5,000 + 3,060 = 8,060 (=S+7) 
Hace: Cer gait —= 5,000 (= T) 
Face D, Pa = 3,060 (=47—:S) 


7d. Stress Diagrams.—Alt. J shows separate shear (S) and 
torsion (7) diagrams, drawn as explained in Art. 5. To find the stress in 
the strut at right angles to the face in which the forces are acting, we have 
in the shear diagram drawn the line ac, where bc is the stress in question. 

It is of interest to note that, when the double compressive diagonal 
system of framing is used, the corner posts receive no stress due to 
torsion. 

In Alt. IZ we have, for the sake of comparison, drawn a complete 
diagram for the wire pull, using the method demonstrated in Art. 2. 
The stresses in the four sides A, B, C, and D are here shown directly, 
corresponding to 7, 7 + S, T, and T — S respectively. 

The wind diagrams are of identical construction to the shear diagram 
(W.W. and W.T.). 

In the diagram for vertical load of wires (V.L. W., only lower half 
shown), the dash lines indicate the actual stresses in the cross arm 
members and also the stresses in the struts at right angles to the plane 
of the diagram. 

In general, dash lines have been used in all the diagrams to cenit 
projected or repeated stresses, shown elsewhere in the diagram previ- 
ously, or any stress which does not form part of the diagram proper. 

7e. Cross Arm Stresses.—If we assume that the forces due to 
wire pull are all acting on the left side of the tower face, we get the 
following stresses in the horizontal struts which do not appear in the 
diagrams: 


Face A,—P — ue 
Face B, + f 
Face C, 8. 


Substituting the numerical values we get: 
Upper and lower cross arm 


5. 22) 


Face A, ( (5,000) — 1,940 = +4,450 


Face B, + 2,500 
Face C, — 1,940 


480 STRESSES IN FRAMED STRUCTURES [Sec. 8-7f 


Middle cross arm 


Face A, Ge if 


>) (5,000) — 3,060 = +5,560 


Face B, + 2,500 
Face C, — 3,060 


Other cross arm stresses need no special explanation. 

7f. Stress Tables.—The stress tables present no special 
difficulties except in connection with the horizontal struts. It has 
to be remembered that a horizontal strut which is located at a point 
where the corner posts change direction, will be stressed from forces 
occurring in the tower face at right angles to the one in which the strut 
is located. In the example on hand, struts J-IJ and V-VJ will receive 
such stresses due to shear, wind load, and vertical load. In addition to 
this, the cross arms will produce stresses in the struts at the points where 
they join the tower, e.g., a vertical load at the end of a cross arm will 
cause tension in the strut between the upper ends of the hangers and com- 
pression in the strut below which joins the ends of the horizontal cross arm 
members. 

In Fig. 6 we have considered only one case of wire pull—that is, 
the two upper conductors broken. To get the maximum load in the strut 
V-VI and the lower cross arm, it is necessary to consider the two lower 
conductors broken. The stresses caused by this case of loading may 
easily be arrived at from the first case. 


CorneER Posts 


Panel us HIE III IV Va VI VIL VLE IX x 
SS gl ss @ Slitarrcard —1.05 | —3.30 | —6.65 | —11.00| —14.05) —15.40| —16.35] —16.95| —17.75 
1B) PRaatcne (peat acces | Sunoco beecioga lpsaigccnl oe ascicad lnuemOtdllan dleooailicoos wac — 3.50 
W. W. —1.00 | —1.55 | —2.85 |— 4.55|— 6.75|— 8.65|— 9.85] —10.70] —11.40] —12.00 
Who 285 —0.16 | —0.25 | —0.47 |— 0.78)|— 1.18)— 1.56] — 1.84) — 2.17)/— 2.53) — 3.35 
V.L. W —0.80 | —0.75 | —1.25 )— 1.25)— 1.75)— 1.75|— 1.75) — 1.75) — 1.75) — 1.75 
Wid be Hit —0.10 | —0.25 | —0.40 |— 0.60} — 0.75)— 0.90)— 1.00)— 1.25|]— 1.50] — 1.75 
—2.06 | —38.85 | —8.27 | —13.83) —21.43) —26.91) —29.84] —32.22| —34.13] —40.10 


Panel laf JET IV V VI WAL | WIBUE | 1x ex 
i +3.00) +3.00) £6.70) +6.70) +6.70) +4.70}+3.50] +2.60|/+4.70 
W.W. +£0.95) 0.95) £1.65) +1.65) +1.00) +0.70) 40.50) £0.40) +0.73 
W.T. +0.14) +0. 20) +0. 26) +0.34; +0. 18) +0.22) +0.26|+0.30,+0.85 
+£4.09) $4.15) +8.61)+8.69| +7.88) 45.62) +4.26/+3.30/46.28 
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Panel II eel 
S +1.70)+1.70}+ 3.35)+ 3.35) 41.05| £0.75) +0.50) +0.40/+0.75 
fp +3.00)+3.00)+ 6.70);+ 6.70|+6.70|+4.70|+3.50|+2.60/+4.70 
+4.70| £4.70) +10.05) +10.05| £7.75) +5.45| + 4.00) +3.00)/+5.45 
Struts—Facr A (C) 
Panel | I-II | TI-T1T ITI-IV IV-V | V-VI | IX-X 
ASM sca eee ted OE el reecerico a men RID: aie re | pm Rr SSURADN a) eto o's 
Ty = Om | Maen nies: aD 57 () 2 | ener aie eee A Pet —1.80 
GEA: OAM ito cats SWS lh ean ene Bngern se Palle Waele 
Ue «Ik Lerdigetig coe Tle Lite eines se Nd Pine = esi Ii [pre ersci 3 aera Berar —0.30 
en rer een ra gear ty ec ye a eat cna early eaaktd —0.28 
V.L.W —0.27 +0.95 —0.95 +0.69 == () 60s leery ec: 
Velie enn eee ree Serer! pct tan ph ha AG = ys OM | peers oesee 
—4.44 +0.95 —6.71 +0.69 —2.49 —2.33 
Struts—F ace B (D) 
Panel I-IT 1-111 III-IV | IV-V V-VI IX-X 


31 
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Cross arms Hangers 
Panel A-A B-B if JME V 
GVA: +6.50 Pepe UMP eer lk Rails Mh Mamie ec 
W.W. +0.53 cae (PY en ce ee Ae wae nie cad 
V.L.W. —0.74 — 1.00 +1.38 +1.11 +0.89 
—7.77 —10.34 +1.38 +1.11 +0.89 
Strut V-VJ 
Face A B Co D 
S +0.55} -1.20) —0.55/+1.20 2 lower conductors broken 
ii —2.23] —2.23) —2.23|—2.23 2 lower conductors broken 
CA. +4.45}+2.50)/—-1.94)...... 2 lower conductors broken 
VW ee ee | ee arat ae 320). AO) + 0.20 
WWSe yee erllega eee +1.00 + 1.00 
WET eee | oe | eee +0.18) .. ..]#0.18 
V.L.W. —0.69] +0. 28} -0.69}-+0. 28 
Wdb ah —0.10)—0.10; —0.10/—0.10 
+1.98} —2.13) —5.51]—2.23 


To bear out the original assumption with respect to the torsion 
distribution, viz., that all four sides of the tower are of equal rigidity, 
we use for designing purposes only the maximum stress, which may occur 
in any of the four sides of a certain panel. These stresses are underlined 
in the tables. 

7g. Forces on Foundations.—We have in Fig. 6 shown 
a convenient method of arriving at the forces acting on the tower founda- 
tions. Two cases of loading have been taken into account, the wind 
load being reversed in the second case. 

In the tables and diagrams + indicates a shear force acting inwards 
and — a force acting outwards on the foundation. 
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VERTICAL Forces on FOUNDATIONS 
Case I Case II 
il 2 3 4 1 2 3} 4 
S +17 ,600|+17 , 600) —17 ,600| —17 , 600) +17 , 600) +17 , 600} —17 ,600| —17 , 600 
W.W. |—12,000|+12 ,000) +12, 000) —12 ,000) +12, 000) — 12,000) —12 ,000)-+12,000 
W.T. |— 3,300/+ 3,300/+ 3,300/— 38,300)/+ 3,300)— 3,300/— 3,300/+ 3,300 
VL — 3,500/— 3,500)/— 3,500/— 3,500)— 3,500);— 3,500/— 3,500|/— 3,500 
+ 1,200)+29,400/— 5,800] —36,400/+29 ,400)/+ 1,200}—36,400)/— 5,800 
SHEAR Forces on FounDATIONS—CaseE I 
| Direction of line Across line 
1 2 3 4 1 2 3 4 
S +2 ,300/ +2, 700; —2, 300] —2, 700} +2 , 300; +2, 300) —2, 300) —2, 300 
Lie SM okstrrevn, att +2,800)....... +2,800)+2,800)....... +2,800]....... 
W.W. —1,500) +1, 500|+1, 500] —1, 500; —2,000) +1, 500) +2, 000) —1, 500 
W.T — 430/+ 4380/4+ 430)/— 4380)/— 930)+ 4380/4 9380);— 4830 
V.L — 430/\— 430/— 430/— 4380|/— 480)/— 480;|— 4380|/— 430 
— 60/+7,000/— 800)—2,260)+1, 740) +3 ,800| +3 ,000| —4, 460 
el le ee 
Surar Forces on Founpations—Case II 
se a re 
Direction of line Across line 
iL 2, 33 4 1 2 3 4 
S +2 ,300| +2, 700) —2,300] —2, 700) +2, 300) +2, 300 —2,300| —2,300 
Go Ny Ragen M Nara tt ae Qe SOO |e ce aa +2,800}+2,800]....... SAN U oo a ace 
W.W. +1, 500) —1,500] —1,500| +1, 500] +2 ,000| —1, 500 —2,000|+1, 500 
W.T + 430|\— 430/— 430/+ 430/+ 930)— 430)/— 930)+ 430 
V.L — 430/— 4380/— 430/— 430/— 430/— 480)— 430/— 430 
+3, 800|+3, 140) —4,460|-+1, 600) +7 , 600) — 60|—2,860)— 800 


er eee 
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We find maximum compression in post 3, Case II: 


V = —36,400 
Sa = — 4,660 
Sa = — 2,860 


Maximum uplift occurs in post 1, Case IT: 


V = +29,400 
Sa= 473,800 
Sa = + 7,600 


V = vertical force, 
Sa = shear in direction of line, 
S. = shear across line. 


APPENDIX A 
TABLES USED WITH SECTION 6 


TaBLe 1 
GENERAL EQUATIONS FOR THE Moments at THE ENDS or A Mremper AB 


Mag = 2EK(20, + 0g — 3R) — Cag (A) 

Mpa = 2EK(26p + 0a — 3R) + Cpa (B) 
If end B is hinged, 

Map = EK(30q — 3R) — Has (C) 
If end A is hinged, 

Mpa = EK(36p — 3R) + Hpa (D) 


Nots.—The signs of the quantities used in these equations are determined by the following Puree: 

@ is positive (+) when the tangent to the elastic curve is turned in a clockwise direction. 

R is positive (+) when the member is deflected in a clockwise direction. 

The moment of the internal stresses on a section is positive (+) when the internal couple acts 12 # 
elockwise direction upon the portion of the member considered. 

C and GZ are constants whose values depend upon the load. 

Values of C and 4 for various loads are given in Tables 2 and 3. 
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VALUES or Constants C anD H TO BE USED IN THE EQuaTIONS or TABLE 1 
(Load symmetrical! about center of member) 


3F 


No. Condition Moment Cupce Oris ie Fete pale 
of loading diagram : l l 
Fixed Deam viom 
QOWNWARD LOADEA — 
1 1 a 
ghl 16! 
1a Ie 
Z = — a) 5 ia) 
1 
3 “Pl a8 
YN 
Equal loads at the 
third points. 
5 15 
4 i6P! 39Pl 
Equal loads at the 
quarter points. 
1 1 
5 = ud, gl 


Uniform load over 
entire span. 
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No. Condition 


Moment 
of loading diagram 


TaBLE 3 (Continued) 


F 
Cas = Cpa = oP 


STRESSES IN FRAMED STRUCTURES 


sin Silay = 


bo] 


Wa Wag, _ 
6. F918! — 22) gy (3! — 2a) 
7 We 2 = 2 Ww 2 — 2 
ia! + 2al — 2a?) 31 (2 + 2al — 2a?) 
center. 
7 ' la 
sw A 
8 he . Sle 5 5 
su ! 4g! 39! 
at : 
Load increasing uni- 
formly from zero at 
the ends. 
9 i SI 
iV! 39W1 
Load increasing uni- 
formly from zero at 
the center. 
0 S 1 3 
= 7, Wl saWl 
Lay 10 20 


Sy 
Load varying as the 
ordinates of a parabola. 
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TaBuE 4 


Continuous GirpEeR. One Span 


Supports all on same level 
Girder fixed at the ends 


Type of loading | Moments 


—Cap 


Map 


Ail Mesa = +Cpa 
Values of C for various loads are given in Tables 2 and 3. 


1. Any system of loads. 


MipoeeM 5 Pl 


pe 


2. Single load at center. 


Mpa = —Maz = {q W! 


4. Two equal symmet- 
rically spaced loads. 


Pab? 
Mas = ——5 
Pa*b 
Mss =, 


5. Single load at any point. 
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TABLE 5 


Continuous GirpEerR. ONE SPAN 


Supports all on same level 


Girder fixed at A and hinged at B 
Se a ai eI 
Type of loading 


Moments 


MAB 


= —HAB 
Mpa = 0 


Values of H for various loads are 


given in Tables 2 and 3. 


MAB = =P} 


Map = —,; WI 


Map = -37* 4-4) 


4, Two equal loads symmet- 
tically spaced. 


Pab 


MaB = ~ 32 (@ + b) 


5. Single load at any point. 
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TABLE 6 


Continuous Girprer. Onn Span 


Supports all on same level 
Girder restrained at A and B but not fixed 


Type of loading Moments and slopes 
MAB = 2EK(204 + 0B) — CaB 
MBA = 2EK(20p + 04) + CBa 
eae 2MaB — Mpa + 2CapB + CBA 
6£K 
ante 2MBA — Map — 2CBA — CAB 
6EK 


Values of C for various loads are given in Tables 2 and 3 


MaB = 2EK(204 + 6B) — 1 py 


8 
MsBa = 2EK(20B + 04) + 5 Pt 
2MaB — Mpa+t+ 2 Pl 
a 6EK 
2MBA — MaB — 3 Py 
a 6EK 


MAB = 2EK(204 + 6B) — a Wi 
Mpa = 2EK(20p + 0a) + 5 Wi 


2Map — Mpat+ iwi 


ec 6EK 
2MBpAa — Map — > Wl 
ens 6EK 
Pa 
Map = 2EK(204 + 6B) — ae (l.— a) 
i Pa 
Mpa = 2HK(204 + 68) + = U— a) 
PF 
2MaB — Mpa + ea — a) 
an 6EK 
-2MBA — Map — ae — a) 
4. Two equal symmetrically 6B = 6EK 
spaced loads. 
Pab? 
Man = 2EK(20a + 6) — 
Pba? 
MBA = 2EK(20B + 04) + a 
Pab 
2MaB — Mpa+-— (+ 0) 
(A= 6EK : 
Pab: ,.. a 
2MBpa — MaBp— ae (+ a) 
2 6EK 


5. Single load at any point. 
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TABLE 7 


Continuous GirpER. ONE SPAN 


Supports all on same level 


Girder hinged at B and restrained but not fixed at A 
re — 


Type of loading Moments and slopes 


Map = 3EK64 — Hap 


ne) Mas + Hap 
- 3K 
Values of H for various loads are given in Tables 2 
and 3. 


: 3 
Map = 3EK064 167 


3 
Mas + 167 
3HK 


64 = 


Minish Ree ; Wi 


Mapt+ ; Wi 
3EK 


64 = 


3 Pa 


Map = 3EK64 icy, — a) 
Mas +374 a — a) 
fom 3EK 


4. Two equal symmetri- 
cally spaced loads. 


$$ ees 


Maz = 3EK64 — ae (Z + b) 


Man +2? @ +3) 
mer 3EK 


5. Single load at any 
point. 


eee, 
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TABLE 8 
Continuous Girper. OnE Span 


Supports on different levels 
Girder fixed at the ends 
I 


d 
easter arr 


Type of loading | Moments 
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—6HEKR — Cap 


is amen sees! g Stae.| Map 
—6EKR + Cp, 


ZB, [S | Mpa 
A 8 Values of C for various loads are given in Tables 2 


1. Any system of loads. and 3. 
Senet SLM SSA 6 oe 5) 


—~6EKR — 5Pl 


Mea = —GEKR + 5 Pl 


. 
1 


2. Single load at center. 


ee 


1 
Map 7 —6HKR Fo Wl 


= 
| 


1 
= —6ELKR + 12 Wil 


= 
cs 
by 
] 


5 
I 


4. Two equal symmetri- 
cally spaced loads, 


Mea 


l 
| 
S 
> 
5 
a 


5. Single load at any point. 


—~6EKR — “a (a) 


—6EKR +7" — a) 
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TABLE 9 


Continuous GIRDER. ONE SPAN 


Supports on different levels 
Girder fixed at A and hinged at B 


d If 
ore at, 
Type of loading Moments 
Mas = —3HKR — Hap 
Mea = 


Values of H for various loads are given in Tables 2 and 3. 


2 3 
Mas = —3EKR — ier! 


Min =) =eERRIe sw 


UMup a one G — 4) 


4. Two equal symmetri- 
cally spaced loads. 


Mas = —3EKR _ =e + b) 


5. Single load at any point. 
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Tasie 10 


Continuous GirpErR. Onz Span 


Supports on different levels 
Girder restrained at A and B but not fixed 


d I 
Reo Kas 
iP l 
Ta a eee 
Type of loading Moments and slopes 


MAB = 2EK(204 + 6B — 3R) — CaB 
MBA = 2EK(20p + 64 — 3R) + CBA 


Bre 2MBA — Map — 2CBA — Cap + 6EKR 


6EK 
ys, 2MaB — Mpa + 2Cap + Cpa + GEKR 
6EK 
1. Any system of loads. Values of C for various loads are given in Tables 2 and 3, 


Sell, aaopinsbr matic Babe Me S09 sera el as a ak 
Map = 2EK(204 + 6p — 3R) — 5Pl 


Mpa = 2EK(20p + 64 — 3R) + 5Pl 


2 MBA — Mas — SPI + 6EKR 


6EK 


6B = 


2MaBp — Mpa + Spi + 6EKR 
6EK 


0A = 


Mas = 2EK(20a + 6B — 3R) —75m7 
Mpa = 2EK(26p + 04 — 3R) + Dm 


2MBpa — MaB — iwi + 6EKR 


oe 6EK 
2Map — Mpa + i Wl + 6EKR 
64 = 6EK 


Map = 2EK (204 + 6B — 3R) —Fta ea 


MBA = 2HEK(20B + 04 — 3R) + fe (@ — a) 


2MBA — MaB ait (| — a) + 6EKR 


on = 6EK 


2MaB — MBA + re —a) + 6EKR 


4. Two equal symmetrically. 0A = 
spaced loads. 6EK 


Pab? 
Map = 2EK(204 + 08 — 3R) — a 
Pa 
MBA = 2EK(20p + 04 — 3R) + 
2MBA — Map — ie (l+a) + 6EKR 
Ur 6EK ‘ 
Pab 
2Mar — Mpa + 73 (L+ b) + 6EKR 
us 6EK ia 


5. Single load at any point. 


32 
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TasBLe 11 


ConTINuous GirRDER. ONE SPAN 


Supports on different levels 
Girder hinged at B and restrained but not fixed at A 
d- I 


Type of loading Moments and slopes 


yosseeass : ebay ees Map = 3EK(64 — R) — Hap 


_ Mas + Has 
'S Sie Sh ae 
Values of H for various loads are given in Tables 
2 and 3 


Mis = 3EK(¢, ery 2 Pl 
Map + Pl 
64 — Sani + R 


Mis = 3EK(@) = Rye .W 


Maz +,W1 
Ma SEK ee 
Mas = 3EK(6a — R) —3Fa4 — a) 
Maz +3*%¢ —a) 
Pi 3EK aa 


4. Two equal symmetri- 
cally spaced loads. 


Maz = 38EK (64 — Rk) — a (Z + b) 


Pab 
Mas+ “9l2 (Z + b) 


3EK +k 


64 = 


5. Single load at any point. 
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Tasie 12 


Continuous Girper. Two Spans 


Supports all on same level 

Girder fixed at the ends 

Two spans identical 

Load symmetrical about center support 


Type of loading 


Moments 
fe----- (Aaa Ot Me a >| 

(i MaB = —CaB 
Mcp = Cce 

A &B G Msc = —Cpa 

1. Any system of loads symmetrical ; . , 
about center support. Values of C for various loads are given in Tables 2 and 3. 
Ie 
Map = Mpc = —Mcp = —gPl 


1 
Mas = Mpc = —Mcps = Te Wil 
Wz 
Mas = Mpc = —Mcp= — ae a) 
4. Two equal loads symmetrically 
spaced on each span. 
Pab2 
MazBp = —Mcs = — RB 
: Pa 
Mac = — ~~ 


5. Single load on each span. 
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TaBLe 13 


Continuous GirpeR. Two SPANns 


Supports all on same level 

Girder hinged at the ends 

Two spans identical 

Load symmetrical about center support 


Type of loading Moments 


Msc = —Hsgc 
Mas = McB=0 


1. Any system of loads symmet- 


rical about center support. Values of H for various loads are given in Tables 2 and 3. 


3 
Msc = — i6f? 
Mcs = Map =0 


2. Equal loads at center of each 
span. 


Msc = — } wi 
MAB = Mcp =0 
ee eee 
3 Pa 
MBG = =i (Ca) 


S 
5 
l 
= 
by 
fl 
oO 


4, Two equal loads symmet- 
rically spaced on each span. 


ee ROD 
Msc = on +4) 


Map = Mcp =0 


5. Single load on each span. 


sw 
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Taste 14 


Continuous GirprerR. Two Spans 


Supports all on same level 

Ends of girder restrained but not fixed 
Two spans identical 

Load symmetrical about center support 


Type of loading Moments 
Map = —Mcp = 4EK04 — Cas 
Msc = 2EK6c — Cac 
A _ Map + Cas 
Ce a An KE 


Values of C for various loads are given in Tables 2 


1. Any system of loads symmetrical about 
center support. and 3. 
Map = —Mcp = 4EK0a — gPl 
Msc = 2EKé6c — a PU 
_ Mas +; Pl 
oe Al ae 


Map = —Mcp = 4EK0A4 — aM 


1 


1 
: _ Man + 7M 
an 4BK 
P 
Map = —Mcp = 4EKoa — (l — a) 
Msc = 2EKéc — fe (l — a) 


Map +7*@-a) 


ea 2 anaes of degrees 
4. Two equal loads symmetrically spaced 
on each span. 
Pab? 
Mas = —McsB = 4HK@A — 7. 
Pa 
Mpc = 2EK6c — —,— 
Pab? 
Mas + “a5 
04 = —qaK 


5. Single load on each span. 
poe 
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TaBLE 15 


ConTINUOUS GIRDER. Two Spans 


Supports all on same level 
Girder fixed at the ends 
Two spans identical except for load 


Type of loading Moments 


Map = 1 Cee — Cas — ile 


Mec = — 5 Cea — 5 Cre 


Mcp = Ccp — [Coa + 5 Cae 


Values of C for various loads are given in 
Tables 2 and 3. 


2. Single load at center of one span, 
uniform load on other span. 


32 
3. Single load at center of one span, 
two equal symmetrically spaced 
loads on other. 


1 Qab? & 
M => — ——_ — __ 
AB ays 39 124) 


1 Qab? 
M = _—_— — — 
BC 16 Pl OE 
. Mine Ie: Mere st! 
4. Single load at center of one 4l 32 


span, single load at any point on 
other. 


SSeS 
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TaBuE 15 (Continued) 


Type of loading | Moments 


ih 92) 5 
M ee ee WE 
1 IEG, 
Msc on ie 5] (l —a) 
5 Pa 1 
Mcs = 4 ape =a) Wt 
5. Uniform load on one span, two 
equal symmetrically spaced 
loads on other. 
_ il Rae 5 
Maps 4 [2 — 48 Wi 
1 Pab? 
aoe 72 We cae 
Mcs = ue oda +b) — i Wl 
6 Uniform load on one span, single 
load at any point on other. 
1) Qeg? 5 Pag _ 
EU Bede \srvaneds tapes mana 
RGp ee Qeg? 
fa wake Oe ae 
Mcs = A (4e + 9g) —— (l — a) 


7. Two equal symmetrically spaced 
loads on one span, single load at 
any point on the other. 
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TaBLe 16 


Continuous GirDER. Two SPANs 


Supports all on same level 
Girder hinged at ends 
Two spans identical except for load 


Type of loading 


Moments 
i 
Mec = 5 (Hea + Hac) 
Mas = Mcp = 


Values of H for various loads are given in Tables 2 
and 3. 


1183 1 
Msc = 35 Pl 1g Wl 
2. Single load at center of 
one span, uniform load on 
other. 
3 3Qa 
Moc = — 3 Pi — 228 q _ g) 


3. Single load at center of 

one span, two equal symmet- 

rically spaced loads on 
other. 


EZ Qab 
Mac = — 3 Pl - “gr ( +0) 


4, Single load at center of 
one span, single load at any 
point on other, 


| 


0 


Type of loading 
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TaBLE 16 (Continued) 


Moments 


5. Uniform load on one 
span, two equal symmetri- 


cally spaced loads on other. 


6. Uniform load on one 
span, single load at any 
point on other. 


7. Two equal symmetri- 
cally spaced loads on one 
span, single load at any 

point on other. 


1 Pab 


3P b 
Mao = — Tf — 6) — 2 a +0) 
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TABLE 17 
Continuous GIRDER. Two SPANS 


Supports all on same level 
Ends of girder restrained but not fixed 
Two spans identical except for load 


Type of loading Moments 


Map = 4HK604 — i074 — Cap + ia 
Msc = —2EK64 — 3Cea _ 5Cse 
Mcp = —4EK64 — iCoa + iC + Ccp 


Values of C for various loads are given in 
Tables 2 and 3. 


5 1 
Mis = 4EK6g— 22 Pie We 
oe BT go es 


1 1 
Msc = EK OM Seo ey, 
x oe SiG pre 


1 5 
‘ Mce = —4EK64 — —PI+2 Wi 
2. Single load at center of one - Sey: a 48 
span, uniform load on other. 


Mas = 4EKo, — ©. pi + 22 — 
a enya 


Msc = —2EK64 — sgh = ae — a) 


M. = —4HK6,4 — utp Pl oo 5Qa = 
ci Gs 32 Al @ 2 


3. Single load at center of one 
span, two equal symmetrically 
spaced loads on other. 


Mas = 4EKo, — > Py + Qad? 
AB A 39 + ap 
Qab?2 


Msc = —2EK64 — 1 pj Sse 
16 21? 


= 
by 
ll 


—4EKo, — 1 pj + Qad 
435 ata ap (b + 4a) 


4. Single load at center of one 
span, single load at any point 
on other. 


—. eS 
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“TABLE 17 (Continued) 


Type of loading 


Sa 


Moments 


5. Uniform load on one span, two 
equal symmetrically spaced loads 
on other. 


6. Uniform load on one span, 
single load at any point on 
other. 


4EK04 =2 Wi i (ea) 
Be ior a Wt = 22 - a) 


—4EK04 — z Wit seq a) 


7. Two equal symmetrically 
spaced loads on one span, single 


load at any point on other. 


ce eee 


4EK64 — = WEA a 
SG 54 = ee 
—4BKos — 2 Wi + 72? ( + 4a) 
4EKoa — oe Ge Ee 
402 
_~2EK6s — @ Ce ae 


PAE KOn o a—e) +£% @ + 42) 


4]? 
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TABLE 18 
Continuous GirDER. Two SPANS 
Supports all on same level T, 
Girder fixed at the ends K= ia 
Lengths of two spans different 
Moment of inertia for AB is Io pee eh 


Moment of inertia for BC is 11 


Type of loading | Moments 
Mac (np ee Cre) 
BOE rie y BA BC 
Mas = — wee — Has 
Mcs = woe + Hes 


Values of C and @ for various loads are given in 
Tables 2 and 3. 


1 1 1 
Msc = — 12) W 
BC aa AG Lo 135 i) 


Maz = = (He + 3 Pl) 


Mee = Msc + wi, 
2 8 


2. Single load at center of 
one span, uniform load on 
. other. 


secon? 1 a 
Msc n a j[ En Phe + Sc — a) 


M 3 
Map = —( BC 41 %p ) 
AB 5 + 16 lo 
Msc , 3Qa 
W Ww Mees 3Qa () _ 
CB 5 + 2h (1, — a) 
3. Single load at center of 


one span, two equal symmet- 
rically spaced loads on other. 


NEE 
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TaBLE 18 (Continued) 


Type of loading 


509 


Moments 


4. Single load at center of 
one span, single load at any 
point of other. 


5. Uniform load on one span, 
two equal symmetrically 
spaced loads on other. 


Lew ee peal. 
= 


6. Uniform load on one span, 
single load at any point on 
other. 


7. Two equal symmetrically 
spaced loads on one span, 
single load at any point on 

other. 


[csr LEE 


£ fot Qab? 
Maceau & Es 
BC ar n Ply + 900) 
Mec _ 3 
Wh 2 eee = 8) 
rat 5a 16 
= Mee Qab 
Me ae Qh Bag We + a) 
| Mae = -1|% Wie +74 (, — a)| 
Mery ee yy 
2 8 
Mcp = Mee +3 (ly =a) 
OEE ites a O02 
Msc 5 |3%e+ | 
Mini ee Wis 
2 8 
Mcs = ube + — HED (li + a) 
21,2 
u 1 [ee Ae Pah! 
Mee er, ge te ae 
3Qe 
Map = sa Qo (lo — e) 


Mcs = Moc Eee (li + a) 


2 


21? 
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TaBuE 18 (Continued) 


a 


Type of loading 


Moments 


8. Single load at center of 
each span. 


10. Two equal symmetrically 
spaced loads on each span. 


11. Single load at any point 
on each span. 


Mas = — Mac _ Pab 


n+1 
Mec 3 
ee ey Ip 
Map 5 16 lo 
Mes te fe 2 Qh 


1 Poa? _ Qeg? 
M = — a g 
Be i ( n ) 


1? Ly? 


Fo ~ Spa (le +b) 


—_ Msc , Qeg 
Mcs= on + 31,2 (l; + e) 


eee 
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TaBLe 19 


Continuous GirDER. Two SPANs 


Supports all on same level 


Girder hinged at the ends K= - 
Lengths of two spans different : 
Moment of inertia for AB is Io eile 
Moment of inertia for BC is J, tits 
Type of loading Moments 
Mee ee tdi) 
BCE lel NIL BA BC 
1. Any system of loads. Values of H for various loads are given in Tables 2 and 3. 
1 3 il 
Msc = Penn (75 xPlo +3Wh) 


2. Single load at center of 
one span, uniform load on 


other. 


3. Single load at center of 

one span, two equal sym- 

metrically spaced loads on 
other. 


1 3 3 Pa 
Msc = - sl nQlo + 5 pe (hi —a)| 


lo lo Li 


é 


nN Es 


4, Single load at center of 
one span, single load at any 
~-point on other. : 


Pab 
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Taste 19 (Continued) 


a eee 


Type of loading 


Moments 


5. Uniform load on one 
span, two equal symmet- 
rically spaced loads on 

other. 


6. Uniform load on one 
span, single load at any 
point on other. 


7. Two equal symmetrically 
spaced loads on one span, 
single load at any point on 
other. 


8. Single load at center of 
each span, 


ante 3 Pee 
Mec => — wealgn + Ca (L, a) | 
1 1 Pab 
Mpe = ~ 45 i| gr +o ht »)| 


Qe Pab 
-) tor +H] 


am il 3 3 
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TaBLE 19 (Continued) 


Type of loadin g Moments 


Msc = — n= Woo +5 Win) 


sails 


spans, 


Msc = — seal ohG ~ (bo — a) + (l, — | 


10. Two equal symmetri- 
cally spaced loads on each 
span. 


1 Pab € 
Mo = —-45| fee ta) +99 +0) 


11. Single load at any point 
on each span. 


33 
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TaBLE 20 


Continuous GIRDER. Two SPANSs 


Supports all on same level 


Ends of girder restrained but not fixed 


Lengths of two spans different 
Moment. of inertia of AB is Io 
Moment of inertia of BC is J; 


_t _ Lilo 
aE atl: 
Type of loading Moments 
1 
ie ip Mec = — ncaa + Cac + 2EK(64 — 6c)] 


Mag = 9 — Hap + 


Msc 


= Mec 3HK Oa 
n 


Mce = oa + Hep + 38HEK6c¢ 


Values of H and C for various loads are given 
in Tables 2 and 8. 


ip ae ska 


Mea = : [ 5 Pls bag Whi + 


2HK (04 = 6c) | 


.. Mees 3EK6 
bop Map = Mom ee 
Mec 


1 
2. Single load at center of one span, Mes = B 7 gh a SEK Ge 
uniform load on other. 
eh gid 1 Qa 
Mec = wert ght Mh — a) + 


Se ee 3EK04 
Np! Map = 5) 16) + - 
Mcp Msc 3Qa 


= oy eore —a) + 3HK6¢ 


3. Single load at center of one span, 
two equal symmetrically spaced 
loads on other. 


2EK (64 — 6c) | 


milo lo ly 


SACs | etre rer: 1 1 Qab? 
GAY 12), os / Msc = ae il” g Plo ate 72 ate 
2EK (04 — 60) | 
Mec 3 3HK O04 
Maz = 5 Se 
Mec , Qab 
Mop = 22 
4, Single load at center of one span, ve a 21,2 (h + a) + 3EK6c 


single load at any point on other. 


eee 
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TaBLE 20 (Continued) 


Type of loading | Moments 


Mac = — —— n> We RECON 15 + 
it? ly 
2BK (64 — ec) | 
| oS eee mal 3EK0a 
Sma! a ee a a 
M 3Pa 
5. Uniform load on one span, two Mcp = ra. analy (, — a) + 8H K6c 


equal symmetrically spaced loads 
on other. 


1 1 Pab? 
n+ "a5 WARE ean 
2EK (64 — 60) | 
ie Msc ri 3HK64 
pe ee ae 
M Pab 
6. Uniform load on one span, single | Mcs = ot a (1 + a) + 3EK6¢ 
concentrated load at any point on ; 
other. 
pee ay a ea Pab? 
Msc = weal" (lo — e) + et 
2EK (04 — ec) | 
as Msc is 38Qe ~~ 38HK604 
Maz = Sos ly (Lo Oye ra 
| py Ww Mec , Pab 
Mcez = +—,, (1 +a) + 3EKoe 
7. Two equal symmetrically spaced as 2 2h? ** i 
loads on one span, single concen- 
trated load at any point on other. 
1 1 1 
Moe = — 54 4[ngPh + 3Qh + 
| 2QEK (64 — ee) | 
4, Mec 3 3EK 64 
ESS oe ae easing 
Meo = “2° +3 Qh + 38Kec 
8. Single load at center of each 
span. 
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TaBLE 20 (Continued) 


Type of loading 


Moments 


eae opie ee 
W, =; .l, 


10. Two equal symmetrically spaced 
loads on each span. 


11. Single load at any point on 
each span. 


a i 


1 1 1 
Mac = = sq] + yo Wih + 
2EK (04 — ec) | 
ES 
Mas = — os - aWile + 4 
Mcz = ae +5 Wil, + 3EK 6c 
Moe = — [072 - 0) + 2-9) 
+2EK(64 — 60) | 
E 
Map = —M2c_3Paq _ 4) 43 ie 
2 Ql, 
ip a te + Me (hh — e) + 3EK be 


1 Pba? oe 
n + il” 1,2 + mu 
“DBK( — 03] 
Mina HEE és ae (lene eae 
Mcs = fe se ae (, +e) + 8EKé6c 
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Tasue 21 


Continuous GirpER, Two SPANns 


Supports all on different levels 

Girder fixed at the ends 

Two spans identical 

Load symmetrical about center support 


Type of loading Moments 
Moc = yn ede dia ae) = Ca 
Mas = 3ERGs eda) ae — Haz 
K —d M 
Mcp = ade Meee z) Pt ae + Hes 


1. Any system of loads symmetrical 


nboubliconterieupport Values of H and C for various loads are 


given in Tables 2 and 3. 


Asses SER (ads en ed Pl 


_ _38HK(dz —da) Mac _ 3 
Maz = — 1 5 16! 
_ _8EK(dc — ds) , Mac , 3 
Mcp = — ] ae 5) + 7@Pl 
£ aol as 
We w.l Wew.l Msc = SER (ede —da — dc) — am 
8EK(ds —da) Msc 1 
A B G Mas = — I ee mal 


\ 4 —d M. 1 
yp EN B) n ae 4 ow 


iP 
Msc = SER (ads — da — dc) -( =a) 


u g 8EK(ds —da) Msc 
Ns l ad Saha 
3Pa 
Sp ee?! 
—d M 
ae ee B) 26 Be ue 
4, Two equal loads symmetrically 6 

spaced on each span. aa Sys 
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TABLE 21 (Continued) 
| 


Types of loading | Moments 
Pba? 
Mac = SEE (ade AA aie) a= 
3EK(dg —da) Mac 
Mas = — ] AKO 
Pab 
onl +0) 
de —d M 
Mate — 82K de B) me veo 
5. Single load on each span. aa Re, 


eee 


TABLE 22 


Continuous Girper. Two Spans 


Supports all on different levels 

Girder hinged at the ends 

Two spans identical 

Load symmetrical about center support 


Type of loading 


E 
Msc = SEK oan — da —dc)— Hpa 


Values of H for various loads are given in Tables 2 and 3. 


1, Any system of loads symmet- 
rical about center support. 


eee 


waSe Kose 3 
Msc = “oy (2dB —d4a-— dc) — ter! 


2. Equal loads at center of each 
span. 


ees 
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| TaBip 22 (Continued) 


Type of loading Moments 


Msc = SEK oan — da — dc) — au 


Marc = SOK (dp Sra ie ed Les 


SU am 


4. Two equal loads symmetri- 
cally spaced on each span. 


8EK Pab 
Msc = 9 (2dB — dA — dc) — op & + a) 


5. Single load on each span. 
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TABLE 23 


Continuous GirpDER. Two Spans 


Supports on different levels 

Ends of girder restrained but not fixed 
Two spans identical 

Load symmetrical about center support 


Type of loading 


Moments 


1. Any system of loads symmetrical 
about center support. 


3. Uniform load. 


ee EE eee 


Nine SER (ade emg 1 Pe 


EHK(@4 — 6c) 
eet 3EK| 04 KES 24)] Bese 
AB 


Mecz = 3EK| 00 —_ (de a 22)) + ae + 


CB 


Values of H and C for various loads are given 
in Tables 2 and 8. 


Mac = 27 (adn — da — de) — sPl 


EK(64 — 6c) 
Maz = SEK| 04 es a 20) ae ses 
3 
ee! 
Mces = 3EK| 60 Eds ip | + “ze + 
ier? 
Msc = SER (ods — da — dc) — iW — 
EK(@4 — 6c) 
Maz = 3EK| 04 —— 22)) eT. 
1 
gv! 
Mcp = 3EK| a 2 7 | + Mee “ 
il 
gWl 
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TaBLE 23 (Continued) 


Type of loading 


Moments 


4, Two equal loads symmetrically 
spaced on each span. 


5. Single load on each span. 


eee SER (ade ed re yee 
EK(64 — 6c) 
(dg — 2) _ Mec _ 

i 


Maz = 3EK| a. = 2 


Mcp = 3EK [a - idee ae 7 =| + ehly ae 


P. 2 
Mae 3ER (ede edyde)= Eve = 


Vee 3EK |e = 


opt 
Moores 3EK| ac le ; ae) ie + 


a 
Pa +) 


oF 
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TABLE 24 


Continuous GIRDER. Two Spans 


Supports on different levels 
Girder fixed at the ends 
Lengths of two spans different 


Moment of inertia for AB is I 


Moment of inertia for BC is I; 


ah 
K =) 
Te 
Sa 
Type of loading Moments 
1 6EK 
Mac = Wee ae = 
Bo = ‘|S A (h (Ga = day nde ar) | 
aaaical nCBa — Cc 
Map Ge _ a | aoe Hap 
nl ; 2 
3EK Mezc 
1. Any system of loads. Mcs = tee E a ac| a 9 + Hes 


Values of H and C for various loads are given in 
Tables 2 and 3. 


1 6HK 
Mpe = Ee [h(de — da) Se = 
1 
_ 3EK Msc 3 
Map = aL [a — de | = 5 "i 
_ 38HK ee 
2. Single load at center of one @c# = = [de i ac| 7 +5 Wh 
span, uniform load on other. 
lo ly 
Ser ee a ee BK 
Ciewdola 2 Moe = 4 4| Gan phalda — da) — ta(do — de) 
a P. i Q. Q n + 1 Uoly j 
n a 
a ae g Plo — $7, — a) | 
_ 3EK Msc 3 
yp Maps = i [as as| Om 16 Ply 
EK 
3. Single load at center of one | Mcz = sue [ a8 = ac | = Msc =F alg (1 — a) 
span, two equal symmetri- t 2 2h, 
cally spaced loads on the other. 
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TaBLE 24 (Continued) 


Type of loading 


Moments 


4, Single load at center of 
one span, single load at any 
point of other. 


5. Uniform load on one span, 


two equal symmetrically 
spaced loads on the other. 


6. Uniform load on one span, 
single load at any point on 
other. 


i |P@iaux } 
Msc A aiken RE [ds — da) — lo(da Sea = 
n Qab? 
gh lo at Re | 
EK Msc 3 
Man =" -|da do | = 5) — 76 Pt 
Men =| da — do | + BPE +8 Ws +a) 


7. Two equal symmetrically 
spaced loads on one span, 
single load at any point on 
other. 


Ta ade aide ri = 


n 


ee 7s = @) | 
[ a4 i as | = = Wh 
Mec ae 
| as — ac | + 9 + Si, (hy a) 


Drs Pab? 
12 Wly ys | 
— 5 Who 
Msc , Pab 
[ as — ao| 5 cone Wie) 


de nas — da) —l(de — as)} — 


oa sh aft | 
lo ° 1,2 
j Mec 3Qe 
| aa — de | — 2 — 3 le — 0) 
Msc , Pab 
[ ae — ac] + an az (i +4) 
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TaBLE 24 (Continued) 


Type of loading 


Moments 


8. Single load at center of 
each span. 


spans. 


10. Two equal symmetrically 
spaced loads on each span. 


11. Single load at any point 
on each span. 


ae |e Ce EE as) | — 


2 Ply — ; at | 
Msc 
[a — do = rage 
Mec = *T | de - do | + He +3 Qh 
Hi 
Msc = oa [a [hao — da) —In(de — Suk 
ae 9 als | 
Mas = at [as = a | = wee 5 Wolo 
Mcz = = | a dc | = fee +5 Wik 
| Tae 1, (de — da) — bo(de - ds)} - 
= m8(1 a «) = 4, id a) | 
3H Mac -. 
le [44 — 4 | — ; (ly — a) 
Mes = = | a= - do | +20 06 (ED) 


1 6EK 
eile | (ds ~ da) — (de — da) } 
nPba* _ Qeg? 
lo 1,2 
EK Mac _ Pab 
EK Msc 4 Ge9 
i [ ae — do| =F 3 +91, ae t 6) 
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TABLE 25 


ConTINUOUS GIRDER. Two Spans 


Supports on different levels 
Girder hinged at the ends 
Lengths of two spans different 
Moment of inertia for AB is Io 
Moment of inertia for BC is I; 


0 
Moments 
| 6EK 
Moe = ai3i(q-¢ 1)| He ~ 44) — Bde — da) | — 
. 44 i [nHpa + Hc!) 
Values of C and H for various loads are given in Tables 
2 and 3. 
EK 
peal mG ey +1) [uae — eal ess as) | 7 
n+ al 16° 8 wa | 
2. Single load at center 
of one span, uniform load 
on other. 
6EK 
Msc = ie et) Ah (dp — da) — lo(de as) _ 
Payee + 3a ee | 
n+ ‘il 16 ee, 
3. Single load at center 
of one span, two equal 
symmetrically spaced 
loads on other. 
6EK 
- = —d 
Me = poe y| aids — da) — bdo »)|- 
1 Bn Ply oe | 
4, Single load at center 
of one span, single load 
at any point of other. 
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Type of loading 


Taste 25 (Continued) 


Moments 


5. Uniform load on one 
span, two equal symmet- 
rically spaced loads on 
other. 


6. Uniform load on one 
span, single load at any 
point on other. 


7. Two equal symmet- 

rically spaced loads on 

one span, single load at 
any point on other. 


8. Single load at center 
of each span. 


6EK ARS 
Me = aq 1 ee — da) — llde — de) 
it nWlo 3Pa 
seul se tony @ —a)| 
6EK 
Moe = org. 1) | M(@# ~ 4a) — lode ~ da) — 
3 1 nWlo Pab 
ele tae +0] 
6EK 
Oe ea 17, Cece) [i(@e fee do) =“ 
1 38Qen Pab 
Agate |S « =) T oy2 ole »)| 


Msc 


6EK 
= TAM CESE) [ se — da) — l(de — de) | = 


1 [ae +7 
Oe ili) als} 16 


EN EE eee 
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“Taste 25 (Continued) 


Type of loading 


Moments 


spans, 


10. Two equal symmet- 
rically spaced loads in 
each span. 


Ge 


11. Single load at any 
point on each span. 


Msc = 


Msc = 


Mec = 


6EK 
Qlola(n + 1) [?: (de — da) — l(de — do) | ae 
1 nWolo , Wilh 
no if So ches | 
6EK 
2loli(n + sl! i(dz — da) — lo(de — as) | - 
49 Be (Seat a One a) | 
6HK 
Wie Dl (dp day— lide = as)| e 
n e floors Gord) + a4 (a + »| 
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TABLE 26 


Continuous GIRDER. Two SPANS 


Supports on different levels 

Ends of girder restrained but not fixed 
Lengths of two spans different 
Moment of inertia for AB is Io 
Moment of inertia for BC is 7; 


qT; 
K =— 
ly 
Kl 
Ni 
Io 
Type of loading Moments 
1 6EK 
MBC = li(d dA) — lo(dc — dB)]) — nCBA — CBC — 
Ronen a es Tas [u(dB — dA) — lo( l—n 
2EK(0A — ac) } 
rare 2d _ dB af MEG er fe 
n lo 2 
Men = 3EK[0c — mead + MBC + Hoe 


Values of C and H for various Ree ere given in Tables 2 and 3. 


il 6EK n 1 
Mzc = FET aa ee — da) — l(dc ~ dp)| — grit= 4, Wh = 
| 2EK(0a — 4c) } 
| 
ee eeeSey. OR = ry Msc 10P 
n 2 


Mcp = 3EK [ec 


2. Single load at center of 
one span, uniform load on 
other. 


af 6EK n 
Mac = her a ~[h(@e — dA) — lode — dz)| — 4Plo — 
ee, 0) = od On — ac) } 
38EK dpB—da Msc 3 
| MAB = [oa re ] ee ae 16 2° 
| Mcp = 3EK[0c ee = =| ae Me a aCe =) 


3. Single load at center of 
one span, two equal symmet- 
rically spaced loads on 
other. 


wea { tae [aCe — da) — (de — dp)] — 2P lo 
oan — 2BK(04 — 60)} 
dp —da Msc 3 
Se nnido | a Fr erent 
_ tle = 03 MBc , Qab 
| 8c oe ee 


one span, single load at 


4. Single load at center of 
any point on other. 
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~ Taste 26 (Continued) 


Type of loading | Moments 
1 6EK 
Msc = — ifears iit [u(aB — da) — lo(dc — az)| — joo be 
12 
7h = a)} — 2EK(6a — ac) } 
_ 3HK dp—da Msc _1 
Maz n [ lo ae mie rt 
dc — dB M iP 
MczB = 3EK[ec oe i ] IP pe a rh — a) 
5. Uniform load on one span, 
two equal symmetrically 
spaced loads on other. 
1 6EK 
Mac = ete Toi, LB — 44) — lode — az)| — pW — 
Pab? 
1? } 
38EK adB—dA Msc 1 
MAB = male 7 lo ears meee 
dc —d M Pab 
Mcp = 3EK[ ——— | + eo) 
6. Uniform load on one span, 
single load at any point on 
other, 
__1_ s6EK meets a Be amet Se 
Mze = i\ roi; [i1@B — 44) — lo(de — dp)| — Fe — &) 
Pab? 
Tar — 2HK (6a — ac) \ 
reece SEE lo4 _ 4B F =| i MBC _ aay ay 
dc — M BP 
Uw UW Mcp = 3EK[oc — > 4B) 4 f20 + Spat + 2) 
7. Two equal symmetrically 
spaced loads on one span, 
single load at any point 
on other, 
1 6EK 1 
Mge = 5 Tae Tas [u(de — da) — le(de dp)| — 3Plo — ,Qh 
2EK(#A — 0c) } 
Mis = Ly. _dp—da)_ Msc _ 2 Plo 
n lo 2 
M 
Mcp = 3EK[60 — do = 2B] + =e at 2 Qh 


8. Single load at center of 
each span. 


84 
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TaBLE 26 (Continued) 


Type of loading 


Moments 


panel OmeeaSiceaes Loaees 


span. 


10. Two equal symmetrically 
spaced loads on each span. 


11. Single load at any point 
on each span. 


ul 6LEK n 
= — lo(dc — dB)| — == Wolo — 
Mesa ame i{ Tali [a(dz dA) o( )] 1g Volo 7 
Mil — 2EK(6a — ec) | 
dp-—d Msc 1 
MAB Ey) =e lo =| no ee g Volo 
—d MB 1 
McB = 3BK[ 6c ee i; 4 ar er g Wilh 
1 6EK Pan 
LBs ee lees = = = Gi a R42 = @) = 
Mzc = — ih = [u@s da) — lo(dc B)| 7 (lo — @) 
a, — ¢) — 2EK(4 — 60)} 
i M 3P 
MAB = oR Toa ace To 24) _ ad = 31, (0 —a) 
; iy dc — dB Msc , 3Qe, _ 
McB = 3EK| 6c nar | Pepto oy eae) 
: eee lie (OHI ie we = aloes es 
Mae = 75 { ig, [Ge — 44) — lo(de — dp)] — = 
2 
Ott ORRGa = OC) } 
112 
8EK dp — da Msc _ Pab 
Near inal ee eee 
Mex = 3EK[0c — 92 — 48) , Mpc, Qeaq, 4.) 
ly 21:2 
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TABLE 27 


Continuous GirperR. THREE SPANS 


Supports all on same level 
Girder fixed at the ends 

All spans identical 

Loads on all spans identical 


Type of loading Moments 


Moc = —Mazs = —Mac = —Mep = 
Ci spl 


TS 
79V! 


Als Al ae 
Uy Wy wy 


3. Two equal symmetrically spaced 
loads on each span. 
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TABLE 28 


ConTINUOUS GIRDER. THREE SPANS 


Supports all on same level 
Girder hinged at the ends 
All spans identical 

Loads on all spans identical 


Type of loading | Moments 


2 4 3 
Msc = Mcp = ~ pias = oF t 


1 
Msc = Mcp = 79! 


3. Two equal symmetrically 
spaced loads on each span. 


~ nn 
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Taste 29 


Continuous GirpprR. Tureen Spans 


Supports all on same level 


Ends of girder restrained but not fixed 
All spans identical 
Loads on all spans identical 


64 = — Op 


ep) 


o 


A 8 G D 


Type of loading | Moments 


Cerone: 
é al 


Mee = Mcp = —Caz — *EKO4 


Moc = —Mas = Caz — SEKoa 


IM pee = — {Pl 2 *BKO4 
Maa fe spl ie "VEKoa 


1 2 
Msc’ = Mcp = jo! = gH K6a 


(pets iW) 
Moc = —Maps = jo! — 3 HKéa 


12} 
Mec = Mcp = ——-(l — a) — 


P. 
Moc = —Maz= = 


ben —"SEKoa 


N Al» ae VAIN bale! 
NUIVY NLD NULL 


3. Two equal symmetrically spaced 
loads on each span. 
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TaBLE 30 


ConTINUOUS GIRDER. THREE SPANS 


Supports all on same level 

Girder fixed at the ends 

All spans identical except for loads 
GENERAL Case 


ariel Bae f ‘al 


Any system of loading. ' 
Maca re (W(2He4 = Hap 2ifuc) -- 2(H no 2H one 


Mcp = Z (V(Hpc — 2Hcp — 2Hcz) + 2(2Hea + 2Hec — Haz)] 
Mas = — 5 Msc — Hap 


Moc = 5 Mcp + Hoe 


Values of H for various loads are given in Tables 2 and 3. 
SPECIAL CasE 


Uniform load on first span, single load at any point on second, and two equal 
symmetrically spaced loads on third span. 


Use equations above. Take values of H from Tables 2 and 3 as follows: 
For AB 


Has = Hea = 5 Wi 


For BC 
Pab Pab 
Hae = “oy (1 + 0), Hen = "ae (I + a) 
For CD 
Hep = Hoc = . (i — e) 
Substituting these values of H in the equations above, gives 
‘ff XAT ee 3Qe 3Pab 
Mec = — 45 [ Wi — ae (i —e) + ie (1 +30) | 
| ile 21Qe 3Pab 
Mas = — 5 Mec ~) Wl 
Moe = 5 Mev + *8 — ¢) 


By substituting the proper values of H in the general equations of this table 
equations can be obtained in the manner illustrated, for any system of special loads. 


Or, in the case of numerical problems, numerical values of H may be substituted in the 
equations for the general case. : 
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TaBie 31 


Continuous GIRDER. THREE SPANS 


Supports all on same level 
Girder hinged at the ends 
All spans identical except for load 


GENERAL CaAsE 


Any system of loading. 
2 
Msc = — 15 [4(Hea + Hac) — (Hep + Hen)| 


Mcp = — a [4(Hcs + Hen) — (Hea + Hz0)] 


Values of H for various loads are given in Tables 2 and 3. 
Specran Case 


Single load at center of first span, uniform load on part of second span, and single 
load at any point on third span. 
Use equations above. Take values of H from Tables 2 and 3 as follows: 


For AB 


Hea c= 16 2! 
For BC. 
We We 
Hac = 82 (21 ae e)2, Hes = gp 2 = e?) 
For CD 
Pab 
Hep = Op @-- 0) 
Substituting these values of H in the equations above, gives 
Zale We Pab 
Msc = — 15 [ia a sl? | (71 — 5e)(21 — e) + le = OGIe (i + 0) | 
2 [ We 2Pab 3 
Mo =-% EE (412 — be? 4 dle) + 7 +d) — 75 @ 


H in the general equations of this table, 


Illustrated, for any system of special loads. 
1 values of H may be substituted in the 


By substituting the proper values of 
equations can be obtained in the manner 1 
Or, in the case of numerical problems, numerica 
equations for the general case. 
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TABLE 32 


ConTINUOUS GIRDER. THREE SPANS 


Supports all on same level 
Ends of girder restrained but not fixed 
All spans identical except for load 


GENERAL CASE 


Any system of loading. 
Maa ze [7(2Ha — Haz + 2H 5c) + 2(Hpe — 2H ey — 2H cx) +3EK (70a + 20p)] 


Mcp = z [7(Hpce — 2Hcp — 2Hcz) + 2(—Has + 2Hea + 2Hec) + 

3EK(70p + 26a), 
Mas = — 5 Moc — Has + 38HK6a4 
Moc = 5 Meo + Hoe + 3EK6p 


Values of H for various loads are given in Tables 2 and 3. 
Specran Casp 


Single load at center of first span, uniform load on second span, two equal symmet- 
rically spaced loads on third span. i 


Use equations above. Take values of H from Table 3 as follows: 
For AB 


Haz = Hoa =~ Ql 
For BC 
Hec = Hor = =W1l 
For CD 
Hep = Hpc = sae (Z — a) 


Substituting these values of H in the equations above, gives 
3Pa 


Py WFR | 5 
21 Pa 5 3 
1 
Maz = — 3 Mac — eal + 3EK6, 
Moe = 5 Mep +5 — a) +3EKop 


By substituting the proper values of H in the general equations of this table, 
equations can be obtained in the manner illustrated, for any system of special loads. 


Or, in the case of numerical problems, numerical values of H may be substituted in the 
equations for the general case. 
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TABLE 33 


ContTINUOUS GIRDER. THREE SPANS 


All supports on same level 
Girder fixed at the ends 
Lengths of all spans different 


GENERAL Case 


Any system of loads. 
_ 2 (4m + 3)QnoHBA — noH AB + 2HBc) + 2(Hpc'— 2Hcp — 2n1HcB) 


bid ieee MeRiaa Weeds Ips ah 

FI Bercy gt Ri 4)(Hpc — 2Hcp — 2mHcB) + 2ni(2n0oHBA — noH AB + 2HBC) 
ee * 4(no + 1)(m1 + 1) — no 

MAB = — aoe — HaB 

Mpc = — + Hpe 


Values of H for various loads are given in Tables 2 and 3. 
SprciaL CasE 


Lege a Arie nc, at ed AD NS, SPL f pcs 
an Neo Ra Cw Q, a 
P 


Single load at center of first span, uniform load on second span, two equal symmetrically spaced loads on 
third span. 


Use equations above. Take values of H from Table 3 as follows: 


For AB A 
HAB = HBA = T6 Qlo 
For BC : 
HpBc = HcB = 3 Wh 
For CD 


Hep = Hpc = CEB: — a) 
2 le 


Substituting these values of H in the equations above, gives 


3 1 3Pa 1 
(tm se 3)( 747020 a 4 Wi) — ae (lz ~a) — 3g UW 


ER Lh wet ta Fy 4(no + 1)(m + 1) — no 

2 (316 ae), = sae (2 = a) — pmwu} + 2 ninoQle +5 mW 
Mcb = 4(mo + 1)(m1 + 1) — no 
aan = — MBC _ 2 oy 

McbD 8 Pa 


MDC ease +547 Gs — G) 


By substituting the proper values of H in the general equations of this table, equations can be 
obtained in the manner illustrated, for any system of special loads. Or, in the case of numerical prob- 
lems, numerical values of H may be substituted in the equations for the general case. 
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TABLE 34 


ConTINUOUS GIRDER. THREE SPANS 


Supports all on same level 
Girder hinged at the ends 
Lengths of all spans different 


GENERAL CASE 


Ki Ke 
no Fae ny = Ki 
Any system of loading. 
Mac = — 20M + DrolBa + HBC) — 2(mHep + Hep) 
4(nmo + 1)(m1 + 1) — m1 
Mep = — 2+ Dimice + Hep) — 2ni(noH BA + Hee) 


4(no + 1) + 1) — m1 


Values of H for various loads are given in Tables 2 and 3. 
SpeciaL Case 


Single load at any point on first span, single load at center of second span, uniform load on third span. 
Use equations above. Take values of H from Tables 2 and 3 as follows: 


For AB 
Pab 
HBA = Big?! + a) 
For BC 
Hac = Hos = 4 are 
For CD 
1 
Hep = 8 Wiz 


Substituting these values of H in the equations above, gives 
Zain + 2) + Ano(ni + Eo +a) — ‘ Wa 
4(no + 1)(m1 + 1) — ny 
3 1 Pab 
g M1@h (2n0 +1)+ “(no + 1)(Wh) — non (lo + a) 


4(no + 1)(m1 + 1) — my 

By substituting the proper values of H in the general equations of this table, 
obtained in the manner illustrated, for any system of special loads. 

lems, numerical values of H may be substituted in the equations for 


Msc = — 


Mcp = — 


equations can be 
Or, in the case of numerical prob- 
the general case. 
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TaBLeE 35 


ContTiINuoUs GIRDER. THREE SPANS 


Supports all on same level 

Ends of girder restrained but not fixed 

Lengths of all spans different 
GENERAL CASE 


Ca 


le 


A 


aah cued omy eee 
lo li lo 
aes fee 
Ko TG 


Any system of loading. 
2 (4n1+3)(2n0oHBA—noH AB+2HBC)+2(Hpo— 2Hop — 2mHcB)+3EK il (4ni+3)0A + 216d 


Msc= 
3 [4(m0+1)(m1+1)~n0] 
Mope 2 (8n0+4)(Hpe—2Hcp —2n1H¢B)+2n1(2n0H BA —noH AB+ 2HBC)+3EKal (3n0+4)0D +204] 
cD= 
3 M ye 4(mo+1)(m1 +1)—70 
MaB=— = Sipe as 


Mcp 


Mpc= ae +Hpc+3HK26p 


Values of H for various loads are given in Tables 2 and 3 
SpreciaL Cash 


Single load at center of first span, uniform load on second span, two equal symmetrically spaced loads on 


third span. 
Use equations above. Take values of H from Tables 2 and 3 as follows: 
For AB 
HaB = HBA= ale 
For BC , 
Hee = Hes = gv 
For CD 


Bene pee ee a =a) 
2 le 


Substituting these values of H in the equations above, gives 
9 (drat 3)( {root Wh) - 32 (- a) — 5 mWh+3ERil(4m+3)04+2m0D] 


(td Ee Aa Der 1) — no 
3 Ps 1 3 1 
9 Bnot4){ — 5 7, (2 -a) — {mW} +3 mnoQlot 5 m Wh +3BKa[(Sn +4) 6D + 204] 
Mcp = 3 4(no + 1)(m + 1) — no 
MBC 3 3HKi0A 
MAB ion Sie Qlo + ee 
Mpc = ep ae 3 Pes — a) + 3EK26p 


By substituting the proper values of H in the general equations of this table, equations can be 
obtained in the manner illustrated, for any system of special loads. Or, in the case of numerical prob- 
lems, numerical values of H may be substituted in the equations for the general case. 
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TABLE 36 


ConTINuOoUS GIRDER, THREE SPANS 


Supports on different levels 
Lengths of all spans different 
Girder fixed at ends 


Any system of loads. 
6EK,| (An, + 3)lilo(da = da) = 2(2n1 + 1)lole(de — dz) + 2nyloli(dp — de) | 


Use 5 
lol ile | 400 +1)(m +1) — na | 
2, | ns + 3)(2noHea — noH az + 2Hec) + 2(Hpc — 2Hcp — 2mHes) | 
: 3| 4» Huey ay no | 
6EK,| 2(ng + 2)ldle(de — ds) — (8no + 4)loh(d> — de) — Qhh(ds — au) | 
Mep = 


lolils | 40x ices tat eee | 


2 [Bn + 4)(Hpc — 2Hep — 2mHce) + 2ni(2nHpa — noHap + 2H) | 


3| 4(6 + 1)(m +1) — ne | 


Mise: _ 38EK;, (dg — da) 
2 No lo 
—d 
Moc = ae + Hoe — 3EK,  — de) 
Values of H for various loads are given in Tables 2 and 3. 
For any particular problem, substitute the numerical values of the constants in 


the above equations. The method of making this substitution is illustrated by 
the numerical problem presented on p, 441 


Maz = Hap 
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TABLE 37 


ConTINuUOoUS GIRDER. THREE SPANS 


Supports on different levels 
Lengths of all spans different 
Girder hinged at ends 


Any system of loads. 
6HK, [ 20s 4 1)lil.(de a da) a (31 ++ 2)lolo(de 2 dz) + Nyloli(dp — ac) | 


Msc = 
Ldsla| (ro mee) n| 
C [am + 1)(mHea + Hac) — 2(mi cs + Hee} 
4(mo +1)(m +1) —m 
6EK,| (ne + 3)lole(de = dp) = 2(no a 1)loli (dp — dc) — Ilo(da = a) | 
Mep = : 


Iplile [ #r0 — De +1) - na | 


Ei [ + 1)\(mHcs + Hop) — 2m(noHea + Tae) 
A(mo + 1)(m +1) — Mm 


Values of H for various loads are given in Tables 2 and 3. 

For any particular loading, substitute the numerical values of the constants in the 
above equations. The method of determining these constants and of making the 
substitutions is illustrated by the numerical problem on p. 441. 
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TABLE 38 


Continuous GIRDERS. THREE SPANS 


Supports on different levels 
Lengths of all spans different 
Ends of girder restrained but not fixed 


2 


1 = 25 
Ko ee oie: 


Any system of loads. 


6K, (4m: + 3)llo(dB — dd) — 2(2m1 + 1lolo(do — dp) + 2nilli(dd — dc)] 
MBc = 


lolile| 4 (no ab SbVGa se 1h) no] 


2 { (4n1+3) (2n0oHBA —noHaB+2HBC)+2(Hpc—2Hcp — 2ni1H¢cB)+ 3HK,| (4n1 +3)0A +2n.6p] S 


3[4(n0+ 1)(m1+1)—no] 


6EK2| 2(n0 + 2)lole(de — dB) — (3n0 + 4)loli(dp — de) — 2lile(dB — da)| 
Mcp = 


lolile[ 4(n0 SETBYGon SE Gh) no] 


2 { (8n0+4)(Hpc —2Hcp —2niHcp) +2n1(2nnH BA —noH AB+ 2HBc)+ 3K (3n0-+ 4)@p+20A ] } 
+ 


3[ 4(n0+ 1)(m+1)—no | 
Wire — Siete SeE oa wy 5-day 
no lo 
Mpc = oe Hpo + 8EK:[ op — {ap — acy 


2 


Values of H for various loads are given in Tables 2 and 3. = 

For any particular loading, substitute the numerical values of the constants in the 
above equations. The method of determining these constants and of making the 
substitutions is ill 


ustrated by the numerical problem on p. 441. The moments 
can be determined only if 64 and 6p are known. 


Continuous GirDER. 
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TABLE 39 


Any Numper or Spans. Equation or Tourer Moments 


Supports all on same level 
Lengths of all spans different 
Any system of loads 


dp ON a 
C4 fi J E 
Ten 
Position of spans Equation of three moments 
oth. nMap + 2Mac(n + 1) + Meo = —2 [nHea + Hac] 


1. Two intermediate 
spans. 


Values of H for various loads are given in Tables 2 and 3. 


t ts fc 


2. Two end spans at left. 
End of girder hinged. 


v ts fc 


38. Two end spans at right. 
End of girder hinged. 


Se 
vay a “Tp Ic 


4. Two end spans at left. 
End of girder restrained. 


S) 
@D 
A Be 4G 


5. Two end spans at right. 
End of girder restrained. 


2Mac(n +1) + Mcp = —2 [nHza + Hac] 


nMas + 2Mac(n +1) = —2 [nHea + Hac] 


Mac(4 + 3n) + 2Mcp = 2nHap — 4(nHea + Hac) — 
6HK 64 

If the girder is fixed at A, 64 = 0 and Mac(4 + 3n) + 
2Mecp = 2nHasp — 4(nHea + Hac) 


2nMap + Mac(4n + 3) = 2Hce — 4[nHea + Hac] + 
6HLK 6c 
If the girder is fixed at C, 6¢ = 0, and 2nMazp + 
Mac(4n + 3) = 2Hce — 4 [nHea + Hac] 


The method of using these equations is illustrated by the numerical problem given 


on p. 441, 
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ConTINUOUS GIRDER. 


Any NUMBER OF SPANS. 
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TABLE 40 
Equation or Tourer Moments 


Supports on different levels 
Lengths of all spans different 
Any system of loads 


oat 
Sis: 


Position of spans 


Equation of three moments 


ha ts fo 


1. Two intermediate 
spans. 


Maz + 2Mpec(n +1) +'Mep = 
a [li(dep — da) — lo(de — dg) ] — 2 [Heo + nHpa] 
0 


‘ Values of H for various loads are given in Tables 2 and 3. 


Park, 


2. Two end spans at left. 
End of girder hinged. 


2Mec(n + 1) + Mep 


[n(de — da) — Io(de — de))] — 2[nHea + Hac] 
041 


3. Two end spans at right. 


aM ap + 2Mac(n +1) = 


Tih, Wide ~ da) — olde — do) — 2 (nna + He] 


End of girder hinged. 


rey 
A 
le Ve 


4. Two end spans at left. 
End of girder restrained. 


If Maz is known 
2Mac(n +1) + Mep OE Ih (de — da) — 
: oli 
In(dc — dz)] — 2[H ec + nHpa] — nM ap 


lf 64 is known 
Mac(4 + 3n) + 2Mop sa Bites dae 
0 


2lo(dc — de)| + 2nHap — 4[Hec + nHzpa] 
If the end A is fixed, 04 = 0. 


— 6EK64 


5. Two end spans at right. 
End of girder restrained. 


If Mcz is known 
nMan + 2Mac(n +1) = SPR tay — ay) — 
0%1 


; lo(de — ds)] — 2[Hec + nHea] + Mcp 
If 6¢ is known 


2nM asp + Mpac(4n + 5) ae [21,(dze — da) — 
ott 


Sh(de — dei] — 4 Hea nH eaten 
If the end Cis fixed, of 2p) eal + 2Hes + GEKac 


The method of using these equations is illustrated by the numerical problem given 


on p. 442, 
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TasLe 41 


TWO-LEGGED RectaneuuaR BENT 


Two legs identical 

Horizontal load on one leg 

Legs hinged at the bases 

Mp is moment of external load about D 
Moment of inertia of AB is I 

Moment of inertia of AD is 1 


akirg 


Type of loading Moments 


as thet! 2nH ap 
Mec = 5 | Mo te | 
aft _ 2nHap 
ue . Mas = 5 | Mo ol 
‘ system o 
ite Values of Hp for various loads are given in Tables 2 and 3. 


! 


Msc = ak +r esl 


eu Ph 3 
pes SES E = say | 
2. Single load at 4 4(2n + 3) 
mid-height. 
oe oe AL n 
a Me = Ee ht | 
= Wh me 
We A | baad 
oleae 3 an(h — : | 
nth gh aN) [ BY hn 18) 


4. Two equal sym- 
metrically spaced 
loads. 


a 


al: 3 an(h — a) 
Mas => | ~ Gn 8) | 


35 
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TasiE 41 (Continued) 
Type of loading Moments 
erat! an(h + 6b) 
Msc = 3 Pb | 2 + in + 3) > 
1 _ anh +b) 
Mas = 9 Pb | 1 h(n + 3) | 


5. Single load at 
2 ERS point. 


_ _ Wa n(10h? — 3a?) 
read 8 Te leaeg [1+ Sosa | 
epree Ws [ 1 mone — ty 
| ai ‘10h2(2n + 3) 


6. 6, Hydraulic load, load. 


3 il 
: [ Map Ml1-jarps| 
ae nd M 
Map = Mac -3(% <3) 


Us im eee 


fee 
| | Mac = —Man = ~*~ 


8. Singleload at top. 
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TaBLe 42 
Two-LEGGED REecTANGULAR BENT 
Two legs identical Legs hinged at the 
Horizontal loads on both legs bases 
Load symmetrical about Moment of inertia of AB is J 
vertical center line Moment of inertia of AD is 11 
ile 
oe : . AL 8 
n= ae ac 
: 
web G 
Type of loading Moments 
2 
Mas = Mac = -li5 a 3 | Han 
Values of Hap for various loads are given in Tables 2 
1. Any system of loads. and 3. 
—( at 
Biog “Sheu 


Shu 


R 2n 3 
Sr Mas = Mac -|atslis Ph 
2. Single load at mid 
height. 
& S 
aa ae Mas = 


pes 


v 


2n iJ) 

P Mas = Mac = -[Saals- (iia) 

4. Two equal symmetri- 
cally spaced loads. 


fe P E, 
2n a 
Mas = Msc = -lseslon + 6] 
5. Single load at any 
point. 
SF = = an Wa 2 _ 272 
8 Mas = Mac = — [ats Bone (LOk 3a?) 
s as 
a mo 
6. Hydraulic load. 
2nM 
Ma —™M Map = —Moa ae 


7. External couples at top. 
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TABLE 43 


TWwo-LEGGED RecTANGULAR BENT 


Two legs identical 

Vertical load on top 

Legs hinged at the bases 
Moment of inertia of AB is J 
Moment of inertia of AD is J, 


K = 
ye kh « 
ay 
y D G 
ee ee 
Type of Moments 


loading 


Map = Mag = yee) 
Values of C for various loads are given in Tables 2 and 3. 


2 + | 


I 


Map = —Mac a Pl | 


2. Single 
load at 
center. 


Wey. 


if wi 
M = a 4 | ee 
os eee AE =a «| 


3. Uniform 
load. 


PP 


Map = — Msc = 3Pa (l—a) 


1 (2n + 3) 
4. Two 
equal sym- 
metrically 
spaced 
___loads. 
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Taste 43 (Continued) 


Moments 


5. Single 
load at any 


point. 


TaBLe 44 


TWO-LEGGED RECTANGULAR BENT 


Legs hinged at the bases 
Settlement of foundations 
Moment of inertia of AB is J 
Moment of inertia of AD is J; 
Moment of inertia of BC is I. 


I 

cr aa 
_Kh 

Lo ge 
_ Kh 

oad Ts 


d 3HK 
Mas = Moe ~ Tine +3 


If the bent is symmetrical about a vertical center line n = s, and 
d 3EK 
Bee Sh Qiks 


If n = s = 1, then 
3 dHK 
Mas = Mac = ae 
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TaBue 45 
Two-LEGGED RECTANGULAR BENT 


Legs hinged at the bases 
Cross-sections of two legs different 
Horizontal load on one leg 


Mp = moment of externalload aboutD = |, | de Ue 
K-14 A ‘le 
= : 
_ Kh : 
ia, wv 
Kh ! 
Sia sel 


Type of loading 


Moments 


1. Any system of 
loads 


2. Single load at 
mid-height. 


Nw 
= 
= 


3. Uniform load. 


4. Two equal loads 
symmetrically 
spaced. 


5. Single load at 


_ 1 Mp(2s + 8) — 2nHap 
Maes n-s+3 
Mec = —1 Mo(2n + 8) + 2nHap 
3 2 n+s+8 


Values of Hp for various loads are given in Tables 2 and 3. 


Ph (8s + 12 — 3n) 


Maz = (eens 
— —Ph (11n + 12) 
St al 8 ie rare 


Bien iar ieee a 
_ Wh (4s +6 —n) 


are n+s+3 
Wh bn+6 
bea ea Ss Seer 


a 


_ P h?(2s + 8) — 8an(h — a) 


of ey: (n +8 +3) 
Mao = —2. W(2n +3) + 8anth — a) 
ae n+s+3 


= eee 


Maz = E> Ms +8) — anth.+ b) 
2h? s+n+3 
he s+ +3 


aby, pomta.)s 
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Tasie 45 (Continued) 


Type of loading 


Moments 


6. Hydraulie load. 
M 


7. External couple 
at top. 


P 


8. Single load at top. 


Wa 10h2(2s + 3) — n(10h? — 3a?) 
Mas = 


60h? nt+s+3 
M 2 Wa 10h2(2n + 3) + n(10h?2 — 3a?) 
ee eLOOh? n+s+3 


Ph—T 3 +28 
Mar = | | 


Meo tT 8 + 2n | 
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TABLE 46 


Two-LEGGED REcTANGULAR BENT 


Legs hinged at the bases 
Cross sections of two legs different 
Vertical load on top 


Tap Ley £6 
tare at le 
at 
_ Kh : 
Lap ee 
&§ = Kh ; 
Izo y D G 
Type of loading Moments 
pape) fs _ 3[ Cap + Cra 
Map — Mac a a ees | 


1. Any system of loads. 


2. Single load at center, 


W-w.l 


3. Uniform load. 


a 


PP 


zi 


4. Two equal loads sym- 


metrically spaced. 


Values of C for various loads are given in Tables 2 and 3, 


Se 3 Pa(l— a) 


Map = eater 7 
i I(n +8 +8) 
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TaBLe 46 (Continued) 


Type of loading Moments 


uP 


ee 


b 


3Pab 
2i(n +s + 3) 


Map = —Mac = 


5. Single load at any 
point. 


554 


TaBLe 47 


Two-LEGGeD RECTANGULAR BENT 


a 


Legs fixed at the bases 

Cross-sections of two legs identical 
Horizontal load on one leg 

Mp = moment of external load about D 


STRESSES IN FRAMED STRUCTURES 


ies oe 
= Kh _ Kh oo) C 
Olan Loe 
Type of loading: Moments 
oo Sp Coa 1 3 
Map es ah Gn eal Car (—353 terra) | 
_ _ n{3(Mp— Cpa) i] 3 
Met a 6n +1 + Car (S25 mri). 
Veo = 1 [eee Coa) _ C ( 1 3n 
ee 6n + 1 me Nn £2 G1 
(8n+1)(Mp —C 1 3 
1. Any system or | @p4 = ml Sai ea) +Ca (a5 Panic | =e 


loads. 


2. Single load at 
mid-height. 


SUE 


3. Uniform load. 


4. Two equal loads 
symmetrically 
spaced. 


Values of C for various loads are given in Tables 2 and 3. 


i. ee ee 
COR “elma tetol 
gee ore Eestices) 
uos=—"eleeeit seem) Me 


eee 


Map = — *5"[ Le il 
2 |6n+1 nae 
Whn 1 1 
Mec 
ES 2 Esstaeces)| 
i =, Wh l8n +5 1 
cae 24 Fesceres! 
Moa = — Wh ats ae 
i am A n+2 
eS ee eee 
=e | 6 1 3Pnh 
Map = “ 
: 2h et ae 2(6n + 1) 
ihe | ee on 1 3Pnh 
EN 6n + 1 ws |- weceD 
Mon = | Lone 3 |- Ph (8n + 1) 
areca) én +1 tn +2 Dion +1) 
Mpa = 2 | 1 _ ee ee 
2h 6n +1 n+2 2 (6n + 1) 


ee eee ee 
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TaBLe 47 (Continued) 


Type of loading Moments 
_Pabnf 3h b 3Pbn 
MAD oR sori tags |aere 1) 
M - | Tyco apabe fie ©. |- 3Pbn 
ca on? |én +1 n+2 2(6n + 1) 
| ab | sna — 0) 4-4 b _ Pb(3n + 1) 
Moo =F | én + 1 eer 2 (6n + 1) 
5. Single load at 
any point M Pab [=y +b)+a b | Pb(3n + 1) 
: Daa “ts Se 
2h? 6n + 1 n+2 2(6n + 1) 
NS Wan | l5ah_ __a(5h — =| 
AD ~ ~ 60h? L6n + 1- n+2 
he orl 15ah oe a(bh — ver 
* 60h2| 6n 4+ 1 n+2 
= ee -- 45nh — 10h + 38a ae 5h — =| 
~ 60h? 6n + 1 n +2 
_ Wa [ —180°+75nah —120nh?— 3a?-+10ah — 20h? 
6. Hydraulic load. Mpa = 60h2 6n +1 = 
(5h — ea 
n+ 2 
M n il 
M Mag = M—- Mio = F[1+,49-m 47] 
M n 6n 
ts [ao -al 
M{ 1 1 
LAD oe ‘lertanl 
7. External couple Wee. oa 1 
at top. Mpa = Yet - wa 
ee a a Rao ee cee ee eee A a 
Pp 
Ph 3n 
Maps Mace “5 Aol 
as _- Ph3n +1 
Mcs = Mpa = — One it 


8. Single load at 
top. 
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TABLE 48 
Two-LEGGED RECTANGULAR BENT 
Bera 52 
Legs fixed at the bases joe Tas | At B 
Cross-sections of two legs identical J | 
Horizontal loads on both legs Pi Kh _ Kh a! 
Load symmetrical about vertical center line Tap Isc 
RY) a 
Type of loading | Moments 
Mas = Msc = ——-5 C 
48)— Mac. — = ea? 
Mcs = —Mpa = a Cap + Cpa 
1. Any system of loads. 
Ph n 
Mas = Mac = r eeD) 
err _Phin+8 
Mcs = Mpa =~ aa 
2. Single load at mid-height. 
Wh n 
= 2 SS = ———_ 
: = names Le 12n+2 
SS = Wh[n +3 
Mce =. —Mpa = 12 [e+5] 
3. Uniform load. 
oa ae 2 eet Pa EY 
Maz = Mac eo (h—a) 
Mcs = —Mpa = [: Ea i (h — a) 
4, Two equal loads symmet- fers 
rically spaced. 
a ey ne | Pam 
Maz = Mac = ao ie 
= _Pabl_ 6 
Mce = —Mpa he lata + 2] 
n Wa? 
W-| load |on one leg Mas = Mac = = ee Soe (5h — 3a) 
i Mee a _ Wa [a(5h — 3a) “ 
| cB = — DA = 3073 Le + 3a? — 10ah + 
6. Hydraulic load. Lon | 
AD Mec = roa 
Ya 
Mpa = — = 
DA Mcs n i 3 
Maz = —Mepa = Mn 


7. External couple at top. n+2 
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TABLE 49 


TWwo-LEGGED REcTANGULAR BENT 
Legs fixed at the bases 
Cross-sections of two legs identical 
Vertical load on top 


Rute a 
_ Kh_ Kh « 
io las Silnc 
Type of loading | Moments 
eal 2 1 ee) eal) 
ES >| Coa| 5 +27 6n =| + Cas E oo ean ai || 
1 2 1 
whl —3 Cma| 3 terri | + Cas | 4 +2°> On + a@rilt 
1 1 1 il ) 
pes =3(0m leas aed | + Cas [3 iG) terilt 
2 rl 1 1 1 1 
Mpa = 3 | Ces E or On: i| + Cas [as ~ al | 
If the load is symmetrical about the vertical center line Cga = 
Cap, and 
1, Any system 
of loads. AR eee 2CB 
Dap 2. 


es Cap 
Mes = —Moda = ero 


Values of C for various loads are given in Tables 2 and 3. 


Map = Msc > ~ A(n + 2) 


Mcs = —Mpa = ~8(n + 2) 


2. Single load 
at center. 


W-w./ 
Wl 
Mas = Msc = ~6(n + 2) 
Wl 
Mcs = —Mpda = pero = 2) 


8. Uniform load. 
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TaBLe 49 (Continued) 


Type of loading Moments 
P Ie 
a\ la 
~ i 2Pai(l ) 
all —a 
Mas = Msc = = (CS) 
= _ _Pa(l —a) 
Mca = —Mpda = lin + 2) 
4. Two equal 
loads symmet- 
rically spaced. 
Pab 21 b-—a 
EN Se [ater 
Pab[ 21 a-—b 
eC la a9 Gn | 
; Pab l b-—a 
Moe peo) Retr) 
Pab l a—b 
5, Single load Mpa = a2 E J5e a Ga ae | 
at any point. 


————————— ee 
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Tasue 50 
TWwo-LEGGED RECTANGULAR BENT 


Settlement of foundation Legs fixed at the bases 


y= Kh 
Slip 
Kh 
3 = —— 
BC 
Cross- oes of two legs different. 
Mas = 22 | 3(6ns + 2n — ie i + (9ns + 8n — s)0c — (6ns + 2n — 7s — 3st) 00 | 
Mec = 25 | 3(6ns —n+ 2s) 2 roan i — Tn + 2s — 3n?)0e — (9ns —n + 8500 | 
Mcs = 27° | 8(6ns + 5n + 2s + Die h + (12ns + 22n + 4s + 3 + 8n?)0c — 
(9ns + 7n + Ts + 3)0» | 
2HK 
Mpa = — 20% | a(6ns + 2n + 5s + 1) 2 h + (9ns + 7n + 7s + 3)0¢ — 
(12ns + 4n + 22s +3 + 3st)0» | 


in which A = 22ns + 2(s? +8 +n? + n) + 6(n’s + 82) 
Cross-sections of two legs identical, that is n = s 
3 0c — 9D 4 36e aie o| 


Mas = BK|F 5 +255 Geel 


« eos do =f _ (80 + tr) 
Mec = EK yg tat nga , ott ee 
2 d3(n+1 eaten 6c + OD 
ES ERIS eS) He apy Bs regia | 


= d3(n +1) , 2n+3 7 — 3004) 
ON Bs ERS Aen) oe Pe Bae 1 
Lin = so 
Maps = “a [215 — + 166¢ + 20 | 

EK 
Msc = 21 [ 215, h — 26c — 1600 | 
Mcs = ae [425 < + 4400 — 2600 | 


Mpa id Eel 42 + 266c 4400 | 
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Tasie 51 


TWwo-LEGGED RECTANGULAR BENT 


Legs fixed at the bases i ae Cs x 
Cross-sections of two legs different A B 
Horizontal load on one leg 


Mp = moment of external load about D a ‘ 
A = 2(11lsn + 3sn? + 387 +s? +8 +n?+ n) 
_ las ly =o yy G 
oe) erty: esac deer, te 
Type of loading Moments 
Man = — 5 [88(s + 2)(Mp — Cpa) — Can(6ns + 88? + 
5s + 2n)] 
Macy 1 © [38(n a 2)(Mp — Cpa) + Can(8ns — n — 4s)] 
Mcp = — Fl @ns + 2n + 5s +2):\(Mp — Cpa) + 
1. Any system of 1 CADIS) 1a oom 
loads. Mo als(3ns + 23 + Sn + 2)(Mp — Coa) + 


nC ap(3s? + 12s + 1)] — Coa 
Values of C or various loads are given in Tables 2 and 3. 


Map = — =~ I 5(68 + 13) — 2n(3s + 1)] 
Mee = — Ph ay + 14s — n] 
Mces = — TBM 120(n +1) +9n + 5] 
'2. Single load at Ph ep 
mid-height. Mpa = — BA [6s?(2n + 1) + 38(9n + 2) + n] — ce 
Map = — ae [s(12s + 25) — 2n(3s + 1)] 
Wh 
3 Msc = — oe + 26s — n] 
Mes = — Wh as(on +11) +.18n + 9] 
3. Uniform load. : Wh 
ee at Mpa = — 192A | 25%(an + 5) i s(37n + 10) + n| _ uae 
iP 
Map = — ner + 2)(h? — ah + a?) — a(h — a)(6ns + 
3s? + 5s + 2n)] 
Wie = = F [3s(n + 2)(h? — ah + a2) + a(h — a)(3ns — 
Seay 4s)] 
Mcez = — "(ns + 2n + 5s + 2)(h* — ah + a2) + 
4. Two ae tags a(h — a)(3ns + 8n — 8s — 1)] 
Ae rsnced yf Mpa = —; i ls(3ns + 2s + 5n + 2)(h? — ah + .* 


na(h — a)(3s? + 12s + 1)] — HE 2h — a) 


ee Se 
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-Tasie 51 (Continued) 


Type of loading 


Moments 


5. Single load at 
any point. 


6. Hydraulic load. 


7. External couple 
at top. 


8. Single load at 
top. 


ial [3s(s + 2)(h? — a2) — ab(6ns + 3s? + 58 + 
2n)] 

ae [38s(n + 2) (h2 — a?) aie ab(3ns ee he 4s)] 

— Pen ans One See 2)(ht — athe 


ab(3ns + 3n — 38s — 1)] 
maith rag sons + 2s + 5n + 2)(h? — a?) + 


nab| 3s* + 12s + 1| _ io 
Wan 
— 30n2A [8s(s + 2)(10h — 3a)— 
(5k — 3a)(6ns + 3s? + 5s + 2n)] 
Warn 


= — = [38s(n + 2)(10h — 3a) + 


n(5h — 3a)(8s? + 12s + 1)] — 


(5h — 3a)(8ns — n — 4s)] 

[(8ns + 2n + 5s + 2)(10h — 3a) + 
(5h — 3a)(8ns + 3n — 3s — 1)] 

te (8ns+ 2s + 5n + Bee — 3a) + 


Wan 
~ 30h2A 


- te 


a (3a? — 10ah + 10h?) 


Mas = — * (11ns + 2s% + 2s + 2n) + M 
Msc = — 2M (10s + n) 
Mcs = — 2M (gs —n +3)! 
Mpa = © (ins — 2s? — 2s + n) 
Map = ¥ (ins + 2s? + 2s + 2n) 
Map = — FO ans(s + 2) 


Msc = — Ph ans(n + 2) 
Ph 
Mcs = — q nan + 2+ 5s + 3ns) 


Mpa = — Phas + 2+ 5n + 8ns) 
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TABLE 52 
Two-LEGGED RECTANGULAR BENT 


Legs fixed at the bases 
Cross-sections of the two legs different 
Vertical load on top 

A = 2(11sn + 3sn? + 38°n + 52+ 8 +7? +n) 


_ tas 
Say, 
a 
7 is 
, kh 
~ Ise 
Type of load- Moments 
ing 
Mag = — ‘ [Cea(10ns + s?) + Can(11ns + 28? + 28 + 2n)] 
Msc = — 4 [Csa(Lins + 2n? + 2n + 2s) + Can(10ns + n?)] 
Mcs = — 4 [Caa(7ns — 2n? — 2n + s) + Cap(8ns — n? + 3n)] 


Mpa = * [Caa(8ns — s? + 8s) + Caa(7ns — 2s? — 2s + n)] 


Tf the load is symmetrical about the vertical center line of the bent 
Cas = Cpa, and 


Cap 


Mas = Sree (21ns + 3s? + 2s + 2n) 
1. Any system 
of rane Mae) — 2 (21ns + 3n? + 2n + 2s) 
Mces = a (15ns — 8n? +n +s) 


Mpa = 2 (15ns — 3s? + s + n) 


Values of C for various loads are given in Tables 2 and 3. 


Map = -= (Q1ns + 3s? + 2s + 2n) 


Msc = — Fi (2ins + 3n? + 2n + 2s) 
Ie 
Mcs = — F (15ns — 3n? +n +s) 
Pl 
2. Single load Mpa = 3A (15ns — 3s? + s + n) 


at center. 
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TaBLE 52 (Continued) 


Type of load- 


ing Moments 
Wew.1 Mas = — ae (21ns + 352 + 2s + 2n) 
mera: 2 
Msc = 2A (Zins + 3n? + 2n + 2s) 
Le ues Sar 
Mcs = 129A (l5us — 3n2 +n + 8) 
3. Uniform = Wl os 
ead Mpa 12, (Lons 3s? +s +n) 
PP 


4. Two equal 
loads symmet- 


rically spaced. 


5. Single load 
at any point. 


ea a) 


Maz = ——“*— (21ns + 88? + 2s + 2n) 
Mee = — . (21ns + 3n? + 2n + 2s) 
Mcp = ee (15ns — 3n? + n+ s) 
Mpa aS (15ns — 38? +8 +7) 
Mas = ~ 42 (ns(10l + b) + s%(l +d) + 2b(n +)] 
Mac = — 72 fns(10l + a) + m0 + a) + 2a(n + 5)] 
Men = — 78? ins(7l + 6) + nb(3 — n) — 2na(n +1) + sa)] 
Pab 


Moa = qu.(ns(7l + a) + sa(3 — 8) — 2sb(s + 1) + nd)] 


_—— a pee 
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TWwo-LEGGED BENT. 


Type of loading 


STRESSES IN FRAMED STRUCTURES 


TABLE 53 
One Leg LoNGER THAN THE OTHER 


Legs hinged at the bases 
Horizontal load on one leg 
moment of external load about D 


_ 14 

dar: : 

_ Kh Ar" 
Tap ; Ri: 
ae =| Sle 
Izcq man 99) 
as Ch—~ 
BC 

Moments 


1. Any system of 


loads. 


1 Mp(2s + 2 + q) — 2q’nHap 
Ag Ge) ae ler aera 
elves a 1 Mp(2qn Fag 1) + 2qnH ap 
2 Gt 1s fd 
Values of H for various loads are given in Tables 2 and 3. 


Maz = 


_ Ph 4(2s +2 +4) — 3q’n 


meh = Ni CRB TEST SGA wen é 
Mao - — Ph 42am + 2¢ + 1) 43qn a. 
2. Single load at 16. gn -- 3 4-1 -F g°4- G3 
mid-height. 
= Ww 
— 72 
S nie ele erat ar 0 qn 
8) (HO sp 8 ae ll Se 0) ace 
Mas _ Wh2(2qn + 2g + 1) + 2qn 


3. Uniform load. 


8 gn+s+1+q+q? 


4, Two equal loads | 


symmetrically 
spaced. 


dS! 


5. Single load at 
any point. 


P h?(2s +2 + q) — 8aq2n(h — a) 


Mas = 5 qgnt+stlit+qt+?¢ 
M pea P 2W(2Qqn + 2q + 1) + 8agn(h — a) 
2h ene eg eed 
Mane Pb h?(2s + 2 +9) — ag’n(h + b) 
2h? ee leg 
Msc = _ Pb he(2qn + 2g + 1) + agn(h +b) 


2h gn + s+1+qt+¢ 


pees 
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TABLE 53 (Continued) 


Type of loading Moments 
pee. Nee Wa 10h?(2s + 2 + q) — q?2n(10h? — 3a?) 
8 W=Totalload a = 60h: gn+s+1l+q+q? 
ae chien ae Wa 10h2(2qn + 2q¢ + 1) + qn(10h? — 3a?) 
Een B0h2 qn+ts+l+qt+@ 
6. Hydraulic load. 
M 
Ml _ Ae 2s +2 +¢ + 2g 
gO AE 8 ins ae ag ge 
i pe M q(1 + 29) 
ae A Gri sp 8 ae ll 4B G sp oF 
Vee neeess L 29 
7. External couple ee 2 OP ae © ap Ik sp Gf se GP - 
at top. 
p 
» 2ngq + 2¢ +1 | 
te ees Blane + 2q¢ +1) + (Qs +2+4 4) 
23+2+4¢ | 
Man = PH coma; Ey EE 


8. Single load at 
top. 
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TaBLe 54 


Two-LeEGcEeD Bent. One Lec LONGER THAN THE OTHER 


Legs hinged at the bases 
Vertical load on top 


K =" Mies 
: Ap 
Kh Ros 75 
=) : ' 
Tap <= 
$= ph “bp “Sid 
Izcq - \ 
ee te E 
EPaEBC 
Type of loading Moments 
: _ _ gCsa(2 +q) + Can(l + 29) 
rae Mae~ 2 gm+etitg+y 
1Cea(2 + q) + Casn(1 + 2¢) Mas 
| Mec = —= = 
2 OA Slag ho: ae eo 
If the load is symmetrical about the middle of AB, then 
| _ _ 8qCap 1+q 
| Ee 2 gn+s+lt+qt+@ 
1. Any system < 2804s Loge Mas 
of loads. ib 2 


qgn+s+l+q+@  q 


3qPl 1+4q 
Mipnvetes 

faa 16 gn+s+1l+q+¢@ 

Moe eee Berd Map 


16 am+stitg+e gq 
2. Single load at 


the center. 
Wew.l 
Maz = _ Wt 1+q 
8 gn+s+14+q+¢@ 
Mec = — Wl 1 hg M ap 


8 gn+stitqt+q@ q 
3. Uniform load. 


Type of loading 
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Taste 54 (Continued) 


567 


4. Two equal 
loads symmet- 
rically spaced. 


5. Single load at 
any point. 


Moments 
ore _. 3qPa(t — a) 1l+q 
oH 2 (Pip a2 8 oe il ae @ se oF 
M ae _ 3Pa(l — a) 1+q _ Mas 
a 21 gn.--scb lpg eg q 


Map = — oho lo2 + @) + O71 + 29)] 
a 22 gn+st+1l+qt?¢ 


Pab [a(2 + g) +b(1 + 2q)] _ Mas 
Msc = — 


2? qgn+s+i1+q+@ 
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TABLE 50) 


Two-LeccepD Bent. OnE Lua LONGER THAN THE OTHER 


Settlement of foundations 


qd 38qEK 
hqanu+s+i+a+q 


MAB = 


Legs fixed at the bases. 
3 = [64ns + 2qn — s] + Oc[9ans + 2qn(3 + gq) — 8] — OD[ 6g2ns + 2q2n 


UAB = is {3a 
— s(4 + 8g) — 384} 
M a 2EK 3 qd 6 
BC = ea { ae ms — gn + 2s] + dc[6ns — an(3 + 4a) + 2s — 3g2n2] — Op[9qns — g2n 
+ 20(1 + 39))} 
d 
McB = —— (3% f6ns + n(4 + @) + 28 + 1) + Oc[12ns + 2n(6 + 3q + 2g?) + 48 + 3q2n? + 3] 
— Op[9ans + gn(6 + a) + s(1 + 6a) + 3a)} 
MDA = — —— (34 a4 6ans + 2an + s(1 + 4a) + a] + Oc[9ans + an(6 + g) + s(1 + 6a) + 3a] 
— op[t2gins + 4g?n + 26(2 + 3q + 6g?) + 382 + 304]} 


in which 


A = 2[ns(4 + 3q + 4a?) + g?n(3ns + n + 1) + 8(8ns + 8 + 1)] 
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TasBuE 56 


Two-Leccep Bent. Ont Leg LoncreR THAN THE OTHER 


Legs fixed at the bases 
Horizontal load on one leg 
Mp = moment of external load about D 


A = 2[ns(4 + 3¢ + 4g?) + s(s +1) +q’n(n +1) + 3ns(qin + 8)] 
_ Lash 
~ lap 
_ Tash 
~ Tpelq 
mali: 
2 BO 
Type of loading Moments 
Map = A (Mp — Cpa)s(8s + 4 + 2¢) — Can(6q2ns + 
3s? + 4s + gs + 2q°n)} 
Moo = —% | (Mp — Coa)s(8qn +2 +49) + Cav(qns 
2s — 2qs — an) | 
Mop = ~% | (Mp ~ Cpa)(8ans + 8 + 4gs + 2gn + 29) + 
1. ee pa of Cap(8qns — s — 2qgs + 2qn + g?n — | 
oads. 
Mpa = —+ | (Mo — Cpa)s(8ns + 4n + qn + 28 +2) + 
Capnldst + 4s(1 + q+") + @'I| — Coa 
Maz = ea | sts + 5¢ + 8) — 2q2n(8s + | 
ee Msc = oie | 256 fa OG a 2) aes an | 
rhe oe 
ae lg Gara tel0seh Seb ean: 2s| 
2. Single load at | Mpa = Ph | ns(a2s + 16 +79 + 49°) + 68(s +1) + 
mid-height. Ph 
on| oo 
Map = ee | sCl2s +16 + 9q) — 2q?n(3s + »| 
= 
3 Mac = —Ty"[ 2s(9qn + 4 +99) — a'n| 
a ion 
Mcp = — | a(t8ns + 18s + 12n + 9 + qn) +4s| 
MiUntorload Mpa = ue | ns(tss + 24 + 9q + 4q?) + 10s(s +1) + 
al ee 
a” 12 
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STRESSES IN FRAMED STRUCTURES 


TasiEe 56 (Continued) 


Type of loading 


Moments 


4. Two equal sym- 
metrically spaced 
loads. 


5. Single load at 
any point. 


cH 
= 


Uy 
6. Hydraulic load. 


ieee 


7A | ts(@s +4 + 2q) — a(h — a)(6s? + 8s + 3gs + 


6q2ns + 2g°n) | 


Mro = —7| hts(8an +2 + 4q)—a(h ~ a) (4s + 6s + en) | 
Mon = —72| hans +8 + 4qs + 2m + 24) 

ae a) | 2s Me m| | 
Mpa = — Fa | tes(@ns an oem aw 1) aay) ae 


a(h — a) [ngs + 4g) + ng? — 2s(s +1) |] ™ a a) 


Me Pbn 


he oe Ts 


Tan 8s + 4 + 29) (h? — a?) — 


ab(6q2ns + 3s? + 4s + qs + 2¢°n) | 


Pbn 
h?Aa 


Msc = — 


[ sean +2 + 4q)(h? = at) + 
ab(3qns — 2s — 2qs — an)| 


Mcp = —Tea| Gans +s + 4qs + 2qn + 2q)(h? — a?) + 
ab(3qns — s — 2gs + 2qn + g?n — o| 
Mpa = — Fan | ons + 4n + qn + 2s + 2)(h? — a?) + 
nab} 3s? + 4811 +q 4+ q? z eee 
QO) rg" ae 
We 
Wey = ae [sts +4 + 29)(10h — 3a) — 
(5h — 3a)(6q?ns + 3s? + 4s + qs + 2q°n) | 
Wa? 
Msc = — Fie | sam 4-2 +. 4g)(LOhe— 3a) 4 
(5h — 3a)(3qns — 2s — 2qs — en) | 
W 
Mcsz = — Sones | Gans +s + 4qs + 2qn + 2q)(10h — 3a) + 
(5h — 3a)(3qns — s — 2qs + 2qn + qn — »| 
Wa? 
Mpa = — sana 9(8ns + 4n + qn + 2s + 2)(10h — 3a) + - 


n| 5h _ 3a| ES + 4s(1 + q + q?) +¢| -. 


a(3a = 10n + 2M 
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TaBLE 56 (Continued) 


Type of loading Moments 
Map = Mo ( 6s" + 8s + 38qs + 6q?ns + 2g'n) 
M Mec = "(4s + 6qs + an) 
Mcp = —""(2s + 6qs + 3¢ — vn) 
‘ Mpa = Me (Gans — 2s? — 2s + 4q?ns + rn) 
7. Rie ae Map = (sans + 8q?ns + 2s? + 2s + 2q'n ) : 
eee ey eee ee 
e. Maz = maPR( 3s +4+ 24) 
Mpa = meri ( ang age 2) 
Mpa = _s 8sn + 4n + qn +25 +2) 
8. ee at Mcz = MEE (3nsq + 4sq + 2nqg +s + 20) 
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TaBLe 57 
Two-LeccED Bent. OnEe Lea LONGER THAN THE OTHER 
Legs fixed at the bases 
Vertical load on top } 
A = 2[ns(4 + 3¢ + 492) + gn(8ns +n +1) + s(8ns +8 + 1)] 
— Lash ool Bg, 2 
“> Uap wal 1a. 
¢ a Lash ; 
< Izclq SH : 
| ss 
ct I 
er BC CH 
fee Moments 
1 
Mas = op | Coal2ans(3 + 2¢) + s?] + Caslqns(3 + 8q) + 
2s? + 2s +2q2n] | 
Msc = -i [Coalns(8 + 3q) + 2¢2n? + 2¢2n + 2s] + 
Caz[2ns(2 + 3q) + q?n?] 
Mcp = i | Caa[ns(4 + 3g) — 292n? — 2q2n +s] + 
Casl2ns(1 + 3q) — g?n? + 3gn] 
1 
Mpa = x { Ceat2ans(3 + gq) — s* + 8qs] + 
1. Any system Caslqns(3 + 4q) — 2s? — 2s + q’n] 
of loading. ; 
a the load is symmetrical about the center of AB, Cpa = Cap 
an 
1 
Maz = —,C4al8qns(3 + 49) + 3s? + 23 + 2g?n] 
1 
Msc = — ,Caal3ns(4 + 3q) + 3q’n? + 2q?n + 2s] 
1 
Mcs = —,Casldns(2 + 3g) — 3q?n? + gn(3 — 2g) +8] 
1 
Map = AcBalsans(3 + 2q) — 3s? + s(38q — 2) + q?n] 


SSS 
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Tasie 57 (Continued) 


Type of 
loading 


Moments 


2. Single load 
at center. 


W=ew.l 


3. Uniform 
load. 


4. Two equal 
ioads symmet- 


rically spaced. 


5. Single load 
at any point. 


‘ 
1 


— 7 Bans(3 + 4q) + 3s? + 28 + 2q’n] 
Mac = Fi lans(4 + 3g) + 3q?n? + 2q’n + 28] 
Monies Fi Bns(2 + 3q) — 3g’n? + gn(3 — 2q) +s] 


Mpa = Pi Bans(3 + 2q) — 3s? + s(3q — 2) + g?n] 


| Mas = — ae + 4q) + 3s? + 2s + 2q n] 
Msc= — anc + 3q) + 3g?n? + 2q?n + 2s] 
Mpa = ne + 2q) — 3s? + s(3q — 2) + g?n] 
Maz = Pal = 2) 3ne(3 + 4q) + 3s? + 2s + 2q?n] 
Msc = Pat iane(4 + 3q) + 3q?n* + 2q?n + 2s] 
ne Se iana( 4 39) — 3q2n? + gn(3 — 29) +5] 
Mpa = Pal Dsons(3 + 2q¢) — 3s? + s(8q — 2) + gn] 
Pab és , 
Map = —j5, [Sqns(l + a) + 4q’ns(l + b) + 890 +b) + 
2b(s + q’n) 
Mac = —jwldna(l + a) + 3qns(l +b) + g'n%(l + a) + 
2a(s + g’n)] 
Mcs = Pa ons(t +a) + 3nsq(l + b) — g?n?(l + a) + 
qn(3b — 2aq) + sa] 
Mpa = Fah -—[3qns(l + a) + 2g2ns(l + b) — s2(1 +b) + 3qsa — 


PA 
2sb + q?nbj 


Senn 
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TABLE 58 
TWO-LEGGED TRAPEZOIDAL BENT 


Legs hinged at the bases 
Bent. and load symmetrical about vertical center line 


Vertical load on top 
_ Tash 


ie ll ap 


Type of loading | Moments 


3CAB 
3 + 2n 


MAD = —MBsc= 


1, Any system of 
loads, 


Values of C for various loads are given in Tables 2 and 3. 


Mab = —MBe = een 
2. Single load at 
center. 
Ww. 
Spar rE MG Tee ep 


3. Uniform load. 


3Pa(l — a) 


MAD = —M. a peer ee 
BCA 2a) 


4. Two equal loads 
symmetrically spaced. 


SE SRE Ran EE 
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TABLE 59 


TWO-LEGGED TRAPEZOIDAL BENT 


Legs hinged at the bases 
Bent and load symmetrical about vertical center line 
Normal loads on the two legs 


nee Tash 
llap 
Type of loading Moments 
2nHAD 
Ee —MBe = n+ 3 
1. Any system of loading. Values of H for various loads are given in Tables 2 and 3. 
3nPh 
Map = —Msc 8(n + 3) 
eS = ey 
XxX sl MapD Msc Zen +3) 
3. Uniform load. 
_ nPab(h + 6) 
Map = —MsBc = h2(2n 4+ 3) 
_ nWa(10h?2 — 3a?) 
Be AD ee Cronin 8) 
5. Hydraulic load. 
M, -M 
38M 
Map = —Msc = m+ 3 
nM 
MAB = —MBA Erase) 


6. External couples at top. 
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TaBLE 60 


Two-LEGGED TRAPEZOIDAL BENT 


Legs fixed at the bases 
Bent and load symmetrical about vertical center line 
Vertical load on top 


Type of loading Moments 
2CAB 
Map = —MsBc = AE? 
CAB 
Mpa = —McB = RE 
Ifm=1 

Map = —MsBc = 2 Can 

1 
1. Any system of loads. BOP) eR B 4 


Values of C for various loads are given in Tables 2 and 3. 


Pl 
Map = —MsBc = TRGEELS) 
Pl 
Mpa = —Mcs = Bm +2) 
2. Single load at center. 
Wew,l 
es Seat US 
Map = —MsBc = 6m +2) 
Wi 
M; =— =) 
DA McB iin +2) 
3. Uniform load. 
PP 
a) 1g 
f 2Pa(l — a) 
M =— A eas Paes | 
AD MBc lm +2) 
Pa(l — a) 
M. =— 
peas CSE) 


4, Two equal loads 
symmetrically spaced. 


| 
————eeeEeEeEeSSSSSSSSSSSSSSSMSMMmmPmmHhFeFeseFeFFFFFSeFs 
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TasLeE 61 
TWoO-LEGGED TRAPEZOIDAL BENT 


Legs fixed at the bases 
Bent and load symmetrical about vertical center line 


Normal loads on the two legs 


_ Lash 
Lene Tp 


Type of loading Moments 


Map = —Mac = (4 »)Cap 


et Cap 
Mpa = —Mce = — ee) + Cpa) 
: Values of C for various loads are given in Tables 
1. Any system of loads. Dando 
nPh 
Map a — Msc = 8(n + 2) 
Ph(n +3 
Mpa = —Mea = — ("45 
nWh 
Map = —Mac = 72(n +2) 
a Whfn+3 
ode eee RIDA nS 


nPab? 
a oat ae oem Jae 2) 


_ Pab peu) 


Mpa = —Mczs = h2 oer 
Wan 5h — 3a 
pee ES S0hi on 2 


Mpa = —Mcs = 
Wa ES +n) — 5ah(3 + 2n) + 10A2(n + 2) 


5. Hydraulic load. ~ 80h2 i) ae D 


Sn EEE EEE EES 


37 
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TaBie 61 (Continued) 


Type of loading Moments 
M fy; . 2M 
Map = — Mac nea) 
nM 
Mas = — Mpa Fai G: 
; ~ wt _ M 
6. External couples at top. oy nae, +2 
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TABLE 62 


THREE-LEGGED BENT 


Legs hinged at the bases 

Lengths and cross-sections of two top members identical 
Lengths and cross-sections of all legs identical 

Any system of loads 


Mp = moment of external loads on AD about D 
Mz = moment of external loads on HF about EH 


Type of loading 


Moments 


1. Any system of vertical 
loads on left-hand span. 


Meee Can(10n + 9) + Caa(4n + 3) 
re 4(n + 1)(4n + 38) 
eas (2n + 3)[(Cas(2n + 1) + Caa(4n + 3)] 


MID 4(n + 1)(4n + 8) 
Mies Cap + Cpa 
2(n + 1) 
phi Cap (4n2 — 3) + Cea(4n + 3)(2n + 1) 
4(n + 1)(4n + 3) 
pee Cap(2n + 3) — Cea(4n + 8) 


4(n + 1)(4n + 3) 
Values of C and H for various loads are given in 
Tables 2 and 3. 


2. Any system of vertical 
loads on right-hand span. 


3. Any system of horizontal 
loads on left-hand leg. 


Car(4n + 3) — Cra(2n + 8) 


Se ee ee ty es) 
ieee Car (4n +3)(2n + 1) + Cra(4n?—3) 
on 4(n + 1)(4n +3) 
_ , Car + Crp 
Mac ae 2(n ae 1) 


Car(4n + 3) + Cra(10n + 9) 
4(n + 1)(4n + 38) 


Min = 4. 2nHap(16n + 15) — Mo(4n + 3)? 

ee 7g 12(n + 1)(4n + 3) 

(2n + 3)[2nHap — Mp(4n + 3)] 
a 1200-1) 4 3) 
2nHap + Mp(2n + 3) 

6(n + 1) 
Men = 4 2nHap(8n + 9) + Mo(4n +3)? 

Ee (Ga DGness) 


Mrs = + 


Msa = 


Msc = — 


580 


STRESSES IN FRAMED STRUCTURES 


TaBLE 62 (Continued) 


ee a 


Type of loading 


Moments 


2nH ra(8n + 9) —Ma(4n + 3)? 
12(n + 1)(4n + 3) 
_ 2nHrx(10n + 9) — Mz(4n + 8) (2n + 3) 


Map = + 


Mes 12(n + 1)(4n + 8) 
i . puss ?nllre ae + 3) 
t 
i: Tete a ceR NTS ‘ Mop = 4 2nHre(l6n +15) + Ma(4n + 3)? 
Seay: 12(n + 1)(4n +3) 
et M(10n + 9) 
MAD ie 1G) 
M. toe M(16n2 + 18n + 3) 
48 = Tain + 1)(4n + 8) 
te M(2n + 1)(2n + 8) 
CAPO Serres as (Cee) 
5. External couple at upper Msgc = — sete i 
left-hand corner. (nm + 1) 
itegorsy ae M(2n + 3) 
ECs aCe) 
Map = ; 


a 


6. Vertical loads on both 
spans. 


Cazp(10n +9) + (Cea — Car) (4n +38) + Cra(2n +38) 
4(n + 1)(4n + 38) 
[2n + 3][Can(2n +1) + Caa(4n + 3)] 


Mea = 


4(n + 1) 
+ Car(4n + 3)(2n +1) + LAGE — 3) 
(4n + 3) 
rese —Cpa — Cap + Car + Cre 
2(n + 1) 
Mrs = 


Cap(2n+3) +(Car — Caa)(4n +3) + Cra(10n 4+ 9) 
4(n + 1)(4n + 8) 


7. Horizontal loads on both 
outside legs. 


oie 2nH ap(16n +15) —(Mp+Mz) 


12(n + 1) 
(4n+3)?-+ 2nHruz(8n-+ 9) 
(4n + 3) 
Mas = —Map 
= 2nHrz — (Mz + Mp)(2n + 3) — 2nHap 
Msc 6(n + 1) 
_ _ 2nHap(10n + 9) + Mp(4n + 3)(2n + 8) 
Mor 12(n + 1)(4n + 3) a 
(2n + 3)[2nHrz + Mzr(4n +3)] 
12(m + 1)(4n + 38) 
Mea = — Mac — Moar 
Mee 2nHap(8n + 9) + (Mp + Mz)(4n + 3)? + 
12(n + 1) 
2nHrex(16n + 15) 
4 
Mrz = —Mrep ( i Ay 
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Tape 62 (Continued) 


Type of loading Moments 


Min = Ma(l10n +9) — Mr(2n + 3) 
a 4(n + 1)(4n + 3) 
Mas = Ma — Map 


M, | _ Ma(2n + 1)(2n + 3)'— Mr(4n? — 3) 
A Mp Mea = 4(n + 1)(4n + 3) 
Af eae Ma + Mp 
Sone Be Oe aL) 


Mer = —[Mea + Mac] 

_ Mr(10n +9) — Ma(2n + 3) 
af 4(n + 1)(4n + 3) 

Mrs = Mr — Mrz 


8. External couples at both 
upper corners. Mre 
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TABLE 63 
THREE-LEGGED BENT 


Legs hinged at the bases 
Lengths and cross-sections of two top members identical 


Lengths and cross-sections of all legs identical 


Vertical load on top 
Load symmetrical about middle leg 


ne hl ap 
© UA 
Type of loading 
3CaB 
Map = —Maz = =— = 
AD AB = Mrz Mrz aS 
2nCaB 
M = = 
BA Mar Trai + Cea 
Msc = 
1, Any system of Values of C for various loads are given in Tables 2 and 3. 
loads symmetrical 
about middle leg. 
Pp [2 
AD AB FB Mre 8(4n +3) 
3P1(2n + 1) 
M => —M SS _ ____i 
if Sle amt (Carey 
Msc =0 


2. Two equal loads, 
one at center of 


each span. 
ee ee 
W=w.l Wew.l 
Map = —M eS ME = — ee 
AB FB FE 4(4n ifs 3) 
WI 2n +1 
M = —M =. —_—  —_______ 
eT ua (er rear 
Msc = 0 


3. Uniform load. 
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TaBLE 62 (Continued) 


Type of loading Moments 
PP PP 
ye 
Map = —Maps = Mrs — Mrz = ay 
a _ 3Pa(l — a)(2n + 1) 
Be erba ao! i(4n + 3) 
Msc = 0 


4. Two equal loads 
symmetrically spaced 
on each span. 


3Pab? _ 
12(4n + 8) 


Map = —Mas = Mrs = —Mrz = 


Pab{ 2nb 
Mpa = —Mebr = ie Fes + a| 
Mec = 0 


5. Two equal loads, 
one on each span. 


SS ae 
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TABLE 64 
THREE-LEGGED BENT 


Legs hinged at the bases 
Lengths and cross-sections of two top members identical 


Lengths and cross-sections of all legs identical 
Horizontal loads on the two external legs 
Load symmetrical about middle leg 


_ Alas 
PANES 


Type of loading Moments 
Map = —Maz = Mrs = — Mrz = eee 
Mar = —Mza = ee 
Msc = 0 
1. An t f loads sym- 
ie a RT lee Values of H sone wee are given in 
8 5 
Map = —Maz = Mrs = —Mrz = hey 
3nPh 
M. = pay Stee ais 
2. Single load h leg at “ nal Son. 
; ad on each leg a = 
mid-height. sek 
: © Map = —Map = Mra = —Mrpr = ae ey 
rE | z Wh 
Meet Sy ONG 
BF Mea 4(4n +3) 
3. Uniform load. Msc =0 


= 2nPab(h + b) 
M. Map = = — = 
AD AB = Mreg Mrz nd 3) 


ie nPab(h + b) 
Mer Mea = h2(4n + 3) 


4. Single load at any point on = 
each leg. TE AY 


= Wan(10h? — 3a?) 
Mav = —Mazp= = = 
AD AB=Mre—Mrz 15h?(4n + 8) 
- Wan(10h? — 3a?) 
Mar = —Mea = — = 
oad se 80h2(4n + 3) 


5. Hydraulic loads. Msc = 0 
M, -M 3M 
M =— = eee cee 
AD Mrz years 
Mas = —Mrs = M — Map 
Mba = —Moap = ou 
6. External couples at upper 4n + 3 
Msc = 


corners. 


APPENDIX A 585 


TABLE 65 


THREE-LEGGED BENT 


Legs hinged at the bases 

Lengths and cross-sections of two top members identical 
Lengths and cross-sections of all legs identical 
Settlement and sliding of foundations 


Meee See 


& fas 
Map = + EK 18h(n + DQdh — ds) — U[d2(8n +6) + da(Sn + 9)] 
mies tun 2nt (n + 1)(4n + 3) 
Me, = — EK, h(n + Vn + 3)(2d — ds) + U[d2(8n +6) — d4(10n +9)] 
SMM (n + 1)(4n + 8) 
__ EK Wd: — d& 
Msc = oa tae fel 
Mop = 1 EK, 6h(n + VQn + 3)Qd — ds) — I[de(8n + 6) + di(2n + 3)] 
Br = Tony" (mn 4+ 1)4n + 3) 
a EK 18h(n + 1)(2d: — ds) +U[d2(8n +6) — da(16n + 15)] 
Jins? iz 


+ Onl (n + 1)(4n +3) 
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TABLE 66 


THREE-LEGGED BENT 


Legs fixed at the bases T ; 
Lengths and cross-sections of two top members identical hail 7 ae 4). 
Lengths and cross-sections of all legs identical camel 


Any system of loads 
Mp = moment of external loads on AD about D 
Mr = moment of external loads on EHF about H 


_ hlas 
ll ap 
Type of loading Moments 
A CAB(11n? + 15n + 2) + 4nCBa(n + *) 
eee 2(n + 1)(6n?2 + 9n + 1) 
M _ nCAB(3n2 + 8n + 4) + CBa(n + 1)(6n2 + 13n 4+ 2) 
Bas 2(n + 1)(6n? + 9n + 1) 
_ _ 7nCaB + 2CBa(4n 4+ 1) 
Ee Fe 2(6n2 + 9n + 1) 
’ = nCAB(n + 3) — 4nCBaA(n + 1) 
ME SS st Gate Os on) 
nCaB(4n + 5) + CBaA(n + 1)(Qn +1 
EE Te 2(n + 1)(6n? + 9n + 1) 
s : ‘a CaB(5n + 1) + 4nCpa 
tp Ik tem of vertical oa 
Ioadaron letihanc onan? dee 2(6n? + 9n + 1) 
Wer CaB(2n? + 4n + 1) — Cpa(n + 1)(2n + 1) 


2(n + 1)(6n2 + 9n + 1) 


Values of C for various loads are given in Tables 2 and 3. 


_ 4nCBr(n + 1) — nCrp(n + 38) 


gh Qin + 1)(6n2 + 9n + 1) 
: nCBF(n + 1)(6n + 5) + nCrB(3n2 + n — 8) 
Mea Sr 2(n + 1)(6n? + 9n + 1) 
2CBr(4n + 1) + 7nCre 
Me comet enn eee 
~ 4nCBr(n + 1) + CrB(11n2 + 15n 4+ 2) 
ME ete 2m + 1)(6n? + On + 1) 
Mpa = — CBF(n + 1)(2n + 1) — CrB(2n? + 4n 4+ 1) 
Ye Yi Y4 Z 2(n + 1)(6n2 + 9n + 1) 
2. Any system of vertical Men mb 4nCBr + CrB(5n + 1) 
loads on right-hand span. 2(6n2 + 9n + 1) 
Meroe Car(n + 1)(2n + 1) + nCFrB(4n + 5) 


2(n + 1)(6n? + 9n F 1) 
ee Oe ee ee eee 
= ”Cad(10n? + 15n + 3) — 2n(Mp — Cpa)(n + 1)2 


MAD 2(n + 1)(6n? + 9n + 1) 

Wien n(n + 2)[Cap(2n + 1) — (Mp — Cpa)(n + 1)] 
2(n + 1)(6n2 + 9n + 1) 

Mec _ nCAaD(2n — 3) + 2n(Mp — CpA)(n + 2) 


2(6n2 + 9n + 1) 
Mrs ea nCAD(2n? + 3n — 1) + 2n(Mp — Cpa)(n + 1)! 
2(n + 1)(6n2 + 9n + 1) 
— _ CAD(6n3 + 27n2 + 26n + 2) 


7 7 AN a 6m + 1)(6n? + On + 1) ~ 
3. Any system of horizontal Mp(6n? + 9n + 2) + Cpa(30n? + 45n 4+ 4) 
loads on left-hand leg. 6(6n2 + 9n + 1) 
Ware = Cap(6n? — 8n — 1) + 2(Mp — Cpa)(3n2 + 6n Je hy) 
6(6n2 + 9n + 1) 
pe Cap (6n3-+9n2—n—1)+(Mp—Cpa)(n+1)(6n24+9n+2) 


6(n + 1)(6n2 + 9n + 1) 


—_—_————— 
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TaBLE 66 (Continued) 


Type of loading 


Moments 


Wd Z “y 


4. Any system of horizontal 
loads on right-hand leg. 


Wl Yi (fo 
5, External couple at upper 
left-hand corner. 


Y Ve VW 
6. Vertical loads on both 
spans. 


_ nCFE(2n?+3n — 1) — 2n(Mz + CEF)(n + 1)? 
iz O(n + 1)(6n2 + 9n 4+ 1) 
nCrE(4n? + 4n — 1) — n(Me + Car)(n + 1)(m 4+ 2) 

< 2(n + 1)(6n2 + 9n + 1) 
_ nCrE(2n — 3) — 2n(Mz + CEF)(n + 2) 
‘a 2(6n2 + 9n + 1) 
_ nCru(10n2 + 15n + 3) + 2n(Mz + Cur)(n + 1) 
ss 2(n + 1)(6n2 + 9n + 1) 
z Crr(6n3+9n2—n—1)—(Mz+ Car)(n+1)(6n2+9n-+ 2) 
(a 6(n + 1)(6n2 + 9n + 1) 

Crn(6n2 — 3n — 1) — 2(Mz + Car)(3n?2 + 6n + 1) 
ia 6(6n2 -+ 9n + 1) 
Crr(6n3 + 27n2 + 26n + 2) 

6(n + 1)(6n?2 + 9n + 1) 

Mnr(6n2 + 9n + 2) — Car(30n2 + 45n + 4) 
6(6n2 + 9n + 1) 


MDA 


McB 


MEF = 


M(11n2 + 15n + 2) 
2(n + 1)(6n? + 9n + 1) 
Mn(n + 2)(8n + 2) 
2(n + 1)(6n? + 9n + 1) 
7Mn 
~ 2(6n? + 9n + 1) 
Mn(n + 3) 
2(n + 1)(6n2 + 9n + 1) 
= Mn(4n + 5) 
FSG ao) Ontee Om el) 
M(5n +1) 
~~ 2(6n2 + 9n + 1) 
= M(2n? + 4n + 1) 
Mar — ~ oq & 1)6ni- ond) 


MAD = 


MBA 


Msc 


MFB 


Cap(11in? + 15n + 2) + 4nCBa(n + 1) _ 
2(n + 1)(6n?2 + 9n + 1) 
4nCBr(n + 1) — nCrB(n + 3) 
2(n + 1)(6n2 + 9n + 1) 
nCAB(3n2 + 8n + 4) + CBa(m + 1)(6n? + 13n + 2) ig 
2(n + 1)(6n? + 9n + 1) 
nCpr(n + 1)(6n + 5) + nCrB(3n? + n — 3) 
2(n + 1)(6n?2 + 9n + 1) 
7nCaB + 2CBA(4n + 1) ae 2Cpr(4n + 1) + 7nCrB 
2(6n2 + 9n + 1) 2(6n2 + 9n + 1) 
nCaB(n + 3) — 4nCBaA(n + 1) 
2(n + 1)(6n2 + 9n + 1) 
4nCpr(n + 1) + Crp(11n? + 15n + 2) 
a 2(n + 1)(6n2 + 9n + 1) 
nCaBp(4n + 5) + Cpa(n + 1)(2n + 1) _ 
2(n + 1)(6n?2 + 9n + 1) 
Cpr(n + 1)(2n + 1) — CrB(2n2 + 4n + 1) 
rg 2(n + 1)(6n2 + 9n + 1) 
Cap(5n + 1) + 4nCBa ri 4nCar + Cra(5n + 1) 
ve 2(6n2 + 9n + 1) 2(6n? + 9n + 1)] 
CAB(2n2 + 4n + 1) — CBa(n + 1)(2n +1) _ 
ce 2(n + 1)(6n2 + 9n + 1) 
Car(n + 1)(2n + 1) + nCrB(4n + 5) 
2(n + 1)(6n2 + 9n + 1) 


Mab = + 


Mpa = + 


MsBe = — 


Mrp = + 


Mpa = + 


MEF = 
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TaBLE 66 (Continued) 


Type of loading 


Moments 


4 T, Ve 


7. Horizontal loads on both 
outside legs. 


nC AD(10n? + lin + 3) — 2n(Mp — Cpa)(n + lees 
ges 2(n + 1)(6n? + 9n + 1) 
nCra(2n2 + 38n — 1) — 2n(Mz + Cer)(n + 1)2 
2(n + 1)(6n2 + 9n + 1) 
ae n(n + 2)[Cap(2n + 1) — (Mp — Cpa)(n + 1)] _ 
bet ode 2(n + 1)(6n? + 9n + 1) 
nCPE(4n2 + 4n — 1) — n(Me + Cer)(n + 1)(n +2) 
2(n + 1)(6n? + 9n + 1) 
n@ap(2n — 3) + 2n(Mp — Cpa)(n + 2) , 
2(6n? + 9n + 1) 
nCFE(2n — 3) — 2n(Me + Crr)(n + 2) 
2(6n2 + 9n + 1) 
nCAp(2n2 + 8n — 1) + 2n(Mp — Cpa)(n + 1)? ze 
2(n + 1)(6n2 + 9n + 1) 
nCFE(10n2 + 15n + 3) + 2n(Mez + Czr)(n + 1)2 
2(n + 1)(6n? + 9n + 1) 
CAp(6n3 + 27n? + 26n + 2) 
6(n + 1)(6n? + 9n+1) 
Mp(6n?2 + 9n + 2) + CpA(30n?2 + 45n + 4) a 
6(6n? + 9n + 1) 
CrE(6n8 + 9n? — n — 1) — (Me + CzF)(n + 1)(6n2 + 9n 4+ 2) 
6(n + 1)(6n?2 + 9n + 1) 
_ Cap(6n? — 8n — 1) + 2(Mp — Cpa)(3n? + 6n + 1) 


Msc = — 


Mrp = + 


Mpa = — 


McB = 6(6n2 + 9n + 1) 7 
Cre(6n? — 3n — 1) — 2(Me + Czr)(8n2 + 6n + 1) 
6(6n2 + 9n + 1) 
Mae Cap (6n3+ 9n?2—n—1) +(Mp—Cpa)(n+1) (6n2+9n-+ 2) 


6(n + 1)(6n? + 9n + 1) 
a CrEe(6n3+27n2+26n+2) _ MeE(6n?+9n-+ 2) — Cer(302+45n +4) 
6(n + 1)(6n?2 +9n + 1) 6(6n2 + 9n + 1) 


a ee 
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TABLE 67 


THREE-LEGGED Brent 


Legs fixed at the bases 

Bent symmetrical about vertical center line 
Lengths and cross-sections of all legs identical 
Vertical load on top 

Load symmetrical about middle leg 


Whe ck Ne me 
3 Viet eens 
— Mas 
lap aS 
aD e E 
Type of loading | Moments 


Map = —Maps = Mrg = —Mrz = Cas 


n+1 
Mesa = —Moapr = 2s) + CBa 
Msc = 0 
C aB 
Upa = —Mer = Seed 
1. Any system of ver- ; . ; 
tical loads symmetrical Values of C for various loads are given in Tables 2 
about middle leg. and 3. 
ig 12 
dobtcfotes Map = —Map = Meg = —Mrz = zt 
[ey LD ape M18 Mr a BR Seer 
i _ Pl(3n + 2) 
Mea — —Mor > 16(n + 1) 
Msc =0 
Pl 
Moa = —Mer = ~~ 
2. Two equal loads, one 16(n + 1) 
at center of each span. 
L L, - Wl 
Wew,l Wew.l Map a —Map = Mreg = —Mrez = 12 1) 1) 
a _ WI1(3n + 2) 
Mpa = —Mor = O4n 4e1) 
Msc = 0 
Wl 
Mpa =p—- Mar = 5 
1 
3. Uniform load. Ae 
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Taste 67 (Continued) 


a 


Type of loading 


Pe PF 


q, 


4, Two equal loads sym- 
metrically spaced on 
each span. 


5. Two equal loads, one 


on each span. 


Moments 
Map = —Mas = Mrs = —Mrz = fon 
ean _ Pa(l — a)(8n + 2) 
Se as Ql(n + 1) 
Msc =0 
Rebel: Lal @) 
Moa = —Mazr = 97,1) 
Pab? 
= — = M. =e — = —————_ 
Map Map FB Mrz PGREEEL) 
Pab nb 
Moa = —Mor = "lagen +? | 
Msc = 0 
ae ee a02 
Mpa oe Rao arcen} 


nn nnn UE EEEESEEEE EE SESEEEEEREEREREEE 
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TABLE 68 


THREE-LEGGED Brent 


Legs fixed at the bases 

Bent symmetrical about vertical center line 
Lengths and cross-sections of all legs identical 
Horizontal loads on both external legs 

Load symmetrical about middle leg 


Type of loading 


Gi 
Map = —Mazp = Mrs = —Mprz = a 
=a nC ap 
Mer — —Mpa = 2(n + 1) 
Mec = Mce = 0 
é Cap 


1. Any system of horizontal loads Maur = —Mpa = am + 1) ap (Cia 


i eee aout smddie lez. Values of C for various loads are given in Tables 


2 and 3. 


Ph 
| nPh 
aise y iaats pete eon) 
Mec = Mce = 0 
2. Single load on each leg at mid- Poa tee _ Ph(2n +3) 
height. ES EE 
Whi 
May = Man = Min = tre 
nN 
: = 
a = Be awh 
= enact 4s Dalat) 
| Msc = Mca = 0 
Wh(2 3 
3. Uniform load. Me Mia Mey 
Pab? 
Map = —M ap = Mrs = —Mrz = ema 
nPab? 
Mepr — Mpa => Dh2(n aT) 


4. Single load at any point on 4 b a a 
each leg. 
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TaBLE 68 (Continued) 


Type of loading Moments 


Map = —Mazs = Mrs = —Mrz = 
nWa*(5h — 3a) 
80h2(n + 1) 
$5.58 _ nWar(5h — 3a) 
pee! STEN ey 


Msc = Mce = 0 


5. Hydraulic loads. Mur = —Mpa= te es ar 
(3a2 — 10ah + 10h+) | 
M Sy Map = —Mrz = 
Maz = —Mres = a 
Mea Moe Seater 
Msc = Mcz = 0 
6. External couples at upper Mp Mer SG ¥ 


corners. 
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TABLE 69 


RECTANGULAR FRAME 


Cross-sections of all sides different 
Horizontal load on one vertical side 


Mp = moment of external load about D 


Maz = 2 Mp(3s2n + 5nps + 2s2p + 2sp? + 6ns + Opn + Sps + 3p?) — 
Capn(6sn + 2pn + 3s? + 17ps + 2n + 5s + 1p + 2p?) — 
Cpan(3s? + 12ps + 6s + 10p + )} 


Msc = : —Mp(3sn? + 2n2%p + 5nps + 2np? + 6ns + 5pn + Bps + 3p?) — 
Capn(3ns + 2pn + 5ps — n — Tp — 4s + 2p) + 
Coan(8ns + 38pn — 3ps + 8p + 6s — »)} 


Mcp = } | Mp(3sn2 + 2n2 + 6nps + 5pn + 5sn + 6ps + 2n + 3p) + 


Capn(3ns + 6ps + 38n + 8p — 3s — 1) — 
Cpan(3ns — 4ps + 2n — 7p — pn + 5s + 2)| 


b| 


Mpa = : | —Mp(5ns + 6nps + 8ns? + 2s? + 5ps + 6pn + 28 + 3p) — 
Capn(3s2 + 6ps + 12s + 10p + 1) — 
Coan(3s? + 5ps + 17s + 11p + 6ns + 2pn + 2n + 2) | 
in which 


= Q(sp2+sp +n2p+pnmt+s?+s+n? +n) + 
A = 22(spn + sp + sn + np) + 2(sp Pp Fe ee 
Values of C for various loads are given in Tables 2 and 3. 
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TABLE 70 


‘RECTANGULAR FRAME 


Cross-sections of all sides different 
Vertical load on top 


Ine 
Values of C for various loads are given in Tables 2 and 3, 


Mas = — | Coa(10ns +s? + 12ps + 6pn + 3p?) + 
Can(11ns + 2s? + 2s + 2n + 17ps + 5pn + 3p? + 6p) } 


Mee = — fi | Coa(tins + 2n* + 2n + 2s + 17pn + 5ps + 3p? + 6p) + 
Can(10ns + n? + 12pn + 6ps + 3p) | 


Mcp = : | Coa(Tns — 2n? — 2n +s — 5pn + 4ps — 3p) + 
Can(8ns — n? + 8n — 38pn + bps + 3p)} 


il 
Mpa = in | Caa(8ne — s* + 3s — 3ps + 6pn + 3p) + 
Cas(7ns — 2s? — 2s + n — 5ps + 4pn — 3p) 


in which 
A = 22(spn + sp + sn + np) + 2(sp? + sp + n2p + np? +s? +5 +n? +n) + 
6(sn? + sn + p? + p) 


If the load is symmetrical about the center of AB, that 1s ih C Ap =" C pur 


(Bi 

Maz = — “2? | 21s + 3s? + 2s + 2n + 29ps + 1lpn + 6p + 6p*| 
Cas 5 

Msc = — ww [ 21ns + 3n? + 2n + 28 + 29pn + 1lps + 6p + 6p? | 


C 
Mcp = 4 15ns — 3 +n +s — 8pn + 10ps | 


Cant 
Mpa = 421 15ns — 3s? +s +n —8ps + 10pn | 
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TaBLe 71 


RECTANGULAR FRAME 


Cross-sections of all sides different 
Single horizontal load at top 
Ke= a 
Kh 
n= 


Tap 
Kh 
Ize 
oa 
eel ne 


5 
be 
by 
I 


(asin + 5nps + 2s2p + 2sp? + 6ns + Bpn + Sps + 3p*) 
Mac = FR (3n's + 5nps + 2n2p + 2np? + 6ns + Bps + 5pn + 3p°) 


Mcp = Ai( ants + 6nps + 5ns + 6ps + 5pn + 2n + 3p + 2n?) 


Mpa = — FR (ans? + 6nps + 5ns + 6pn + 5ps + 2s + 3p + 2st) 
A = 22(spn + sp + sn+ np) + 2(s2p + sp?+n?p + pm +8? +8 +n? + n) + 
6(sn? + s’n + p? + p) 
TaBLE 72 
RECTANGULAR FRAME 
Cross-sections of all sides different 
External couple at one corner 
K= ae 
n = oh 
“=l4ap 
, Kh 
~ Ise 
We 
P ~ Toe 
Maz = 2 (ins + Qs? + 2s + 2n + 17ps + 5pn + 6p + 3p) +M 


Msc = -2(~ + 10ns + 12pn + 6ps + 37°) 


Mcp = +2(3p — n? — 3pn + 8ns + 6ps + 3n) 

Mpa = —2(-7ns + 2s? + 5ps — 4pn + 2s + 3p — n) 

Map = +2 (uns + 2s? + 2s + 2n + 17ps + 5pn + 6p + 3p) 
in which 


= 22(pn + sn + np) + 2(sp? + sp +n?p + pn +s? +8 +n? +n) + 
ere 6(sn? + sn + p* + Pp) 


596 


STRESSES IN FRAMED STRUCTURES 


TABLE 73 


RECTANGULAR FRAME 


Frame symmetrical about vertical center line 
Horizontal load on vertical side 


Tap 


moment of external load about D 
n*® + 2pn + 2n + 3p 
Crepe L 


Type of loading Moments 
rea n+2p ,8 pean 
Mas = 2¢ | = +3| + Coan|? +5! 
3n + p) 
M 
eae) 
Mec = = (0 n|” pace -3| + Coan[? 2 ots 
1, Any system of hori- iy 
zontal loads on M 3n +p 
left-hand side. B 
Mcp = —5{ Cann 2 -5 ++ Coan|" 2? = 3 = 
3n +1) 
M 
i oc 
v= Hm[ i] een [282 43] 4 
Mp" ¢ 1 
se load is symmetrical about middle of AD Cap = Cpa, 
an 
1 
Map = a5 nC ap [4 e+] se Moe 
rhe! ni 3p G 3n + 2p 
Msc = 3 nCan|"—*1 3 + Mp B | 
ene n+3 6 n+1 
OT Be nCa| a | B 
Mpa = -3 nCan|™ a8 +5| Ste ce ue *} 
a B B 
Values of C for various loads are given in Tables 2 and 3. 
Vee awd tel + 3pn _ 6n ¢ =| 
Moe ~76| = SPOT 6n ; =P] 
Mente ~Te\ + 3n — ent *| 
2. Single load at Bis n? + 3n 4 18n +4 
mid-height. Mpa = ~Tel 3 | 


ce 
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TaBLE 73 (Continued) 


Type of loading Moments 
nae Saye + 3pn _ 12n + tr] 
ee ed a B 
cw 2 
= uate -Fl" + Wie Pak + “| 
x a B 
M 7 |= +38n  24n + °| 
oe 24 a B 
3. Uniform load. Viarge -F|" ze See x °| 
| ete Se mn bp tte yl - mre 
) 
Afoone oe bn + e + hp -3| +t Dp 
_Pofanfna oth _ 5] int?) 
Mcp = 9 
4. Single load at any area na ta+ hy pret $ 1 
point. Moa = Lh 5 a hae 
Aree _ Wan = + 2ph) — Satin 4 Do ares 
LOE a 
15h(2h = 2] Gay g Sate? 
B 6 B 
ae — ae | 5h(na + 2ph) — 8a(n + p) _ 
a 60h? a 
15h(2h — =| _Wa3n+p 
4 W=Total load B 5 e 
ye Wan[3a2(n + 1) + 10nh(h — a) + 5h(4h—3a) 
hy) (= Mcp = ~ 60h? = 
EEE, a 
5. Hydraulic load. 15h(2h — ”| Bs we on 1 
_ Wan[3a?(n + 1) + 10nh(h—a) + 5h(4h— RO 
Mpa = — eo; a 
15h(2h — 2 | _ Wa3n+1 
B 6 B 
Map = 5 {1+ pee a 
M 
a" + a 6n + P| 
Mec = 2 es 
a B 
WEG 9 
Mcp — 9 (2 +5 
A tees ae bes 3} 
6. aie couple at PS he Nc tee 
t- ner. 
upper left-hand cor Min = ae n(n + 2p) | 
a B 
P 
oy" _Phan+p 
Mas = —Msc = 5 3B 
Si _Ph3n+1 
Mcp = —Mpda = 5) B 


7. Single horizontal 


load at top. 
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TABLE 74 


RECTANGULAR FRAME 


Frame symmetrical about vertical center line 
Vertical load on top 


= n* + 2pn + 2n + 3p 


a 
l 
p= One pat arrears 
oe ie i ig 
_ Kh 
marl: = 
_ Kl C 
Pe pe ve 
Type of loading iMomante 
wii 2 
tar = —Hfene[$2" 3] om[ 2-3] 
Moot= 41 Ce. [# 2p 43 re Cas| 22 + 3p =5| | 
( a B a B 
1 1 
Mcp = | Ces E ~5| a Cas] = +5 | 
1 jek @ il 
Moa = 3|Coa[E+a| + Cus| 2 al | 


1. Any system 
of loads. 


2. Any system of 
loads symmet- 
rical about ver- 
tical center line. 


P 


3. Single load at 
center. 


Mcp = Mpa 


Il 
Q 
bh 
by 

emal 
R13 
= 


Mas =M _ _Pl2n + 3p 
8 a 
Mcp = Mp _ Pin 
8a 


on 
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TaBLE 74 (Continued) 


Type of loading | Moments 


Wew.1 
Mas = Mac = et ene te OP 
12 a 
Mcp = Mpa = wee 
4. Uniform load. 
Mas = Mgc = fa = a) _ ce 
Mev = Moa = ae = a)” 
a 


5. Two equal 
loads symmet- 
rically spaced. 


Pab[l(2n + 3 b— 
Mas = —Se|“ - Dies 5] 
Moe __Pab ee to SP) me oe 2 
2l? a B 
Pab[nl , b—a 
Morale | 
Moa = S| = "5" 
6. Single load at 212 La B 


any point. 
eee et oe oe ee ee 
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TABLE 75 


RECTANGULAR FRAME 


Frame and load symmetrical about vertical center line 
Horizontal load on each vertical side 


a=n? + 2pn + 2n+ 3p 1 
B= Git DeLee ne |, een 
Tas ay: i 
i = ae 
_ Kh eS 
Ti 
_ Kh Qe) C 
Ipc 
Type of loading Moments 
Mas = Mac = — = (Can(n + 2p) + pCoa] 
Mcp = Mpa = — “(Cap + Coa(n + 2)] 


1. Any system of horizontal 
loads symmetrical about 
vertical center line of frame. 


Mas = Mec = ae +*P) 


8 a 
Mep = Mpa = —fme abeh 
. . . 8 ee 
2. Single load at mid-height 
of each vertical side. 
= S 
a y Mas = Moe = — "3"(" £3?) 
Mcp = Mpa = — Faces aad 
3. Uniform loads on both 
vertical sides. 
Pab 
Mas = Mac = — = (nb + pb + ph) 
i 
Mcp = Mpa = — Fain (a + an +h) 


4, Single load at any point. 
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TABLE 75 (Continued) 


Type of loading Moments 


Ven ip ees oy Oe 
30h2a 
Wan 

Mcp = Mpa = 30h2q evn +1)+ 


W= Total Load on one side 10nh(h — a) + 5h(4h — 8a)] 
5, Hydraulic load. 


———- 


M -M 


Maz = —Msa =" (n + 2p) 


Map = —Mac = = (2n + 3p) 

Mep = Mpa = LED 

6. External couples at both a 
upper corners. 
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TABLE 76 
RECTANGULAR FRAME 
All sides identical in length and cross-section a ae 4 
Vertical load on top A B 
oe Tap _ Tap ae 
a foe 
ey “i 
las = Ize =Icp = lap ae G 
Type of loading Moments 


= 
I 


Mas - 5 (20a + 3CaB] 
5 5 [Ca 4+ 248] 

Mcp = 5 Cap 

Mpa = : CBa 


SS pene of 
loads. Values of C for various loads are given in Table 2 and 3. 


Mas = Mec = ~ 2 Cas 
4 Mev = Mpa = 5 Cas 


2. Any system of 
loads symmetrical 
about vertical center 


line. 
ee 
P 

27) 
Map = = ey pea 
4B = Mac 64 

TPA 

Mep = ase 

cD Mpa 64 


3. Single load at 


center. 
———— ee eee 
Wew.l 
5Wl 
Wine Ss Wiap = 225 
aa i 96 
WI 
Mcp = eye 
cp = Mpa 96 


4. Uniform load. 
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TaBLE 76 (Continued) 


Type of loading Moments 
= 2 te) 
Maps = Mac 81 
Mcp — Mpa x a 
5. Two equal loads 
symmetrically 
spaced. 
a Pab(2l + b) 
MES Si? 
Pab(2l + a) 
Mege = — 8) 
Pab? 
Mcp => ap 
6. Single load at any Meow = Pa’b 
point. sl? 


eer 
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TABLE 77 


RECTANGULAR FRAME 


All sides identical in length and cross-section 
Horizontal load on one vertical leg 


Mp = moment of external load about D 
Tap _ Tap 
BS Sah pas 
= le 


Tas = Isc = Icp = Tap 


Type of loading Moments 
Maz = — ; [8Cap + 2Cpa — 2Mp] 
Msc = — gl-Cpa + 2Mp] 


Mep = : [Cap + 2Mp] 


1. Any system of | 
Ta sa Mpa = — : [2Cap + 3Coa +2Mp] 


Values of C for various loads are given in Tables 2 and 3. 


3 
Mas = + Ph 

G 
Msc = — ehh 


Monte Pp), 
2. Single load at a 


mid-height. Mpa =— 18 Ph 
64 
P 
Mas = Mcp = —Mzc = —Mopa = o 


3. Single load at top. 


TWh 
S Map = “96 
S Uae 11Wh 
x oo 96 
4. Uniform load. 
Ne ee ale 
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Tasne 77 (Continued) 


Type of loading Moments 
Mas = ne [2h? — 3ab — 267] 
8h? 
Pa{ 6? € 
Msc = 3 E = 2| 
Mon ="2| er +2 | 
5. Single load at any a 
pea Mpa = — a [2M + 2ab + 304] 
Wa 
Mas 40h? (3a + 5h) 
Wa me Aya 
Msc 2a0h2 (8a? — 10ah — 10h?) 
Wa er ‘ 
Mcp = 240h2 (5ah — 38a? + 20h?) 
6. Hydraulic Beds ene Wa (50h? — 20ah + 3a?) 


~ 240h? 


ee ee 
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RECTANGULAR FRAME 


All sides identical in length and cross-section 
Horizontal load on each vertical side 
Load symmetrical about vertical center line 


K = 148 lap hy 


Taz = Isc = Icp = Tap 


l h 
Type of loading Moments 
Mas = Mac = — 5 (8Cap + Coa] 
Mcp = Mpa = — 5 (Cap + 3Cpa] 
1. Any system of loads Values of C for various loads are given in Tables 2 
symmetrical about vertical and 3. 
center line. 
s = 
3 ood = 
= a Man = Mac = Mcp = Mpa = — 4 
Mas = Mac = Mcp = Moa = —7h 
_8. Single load at mid- 
height of each vertical side. 
Mas = Mac = — Fe isa + b] 
Pab 
Mep = Moa = —>=~ [a+ 3b 
4, Single load at any Sh? homed 
point on each vertical side. 
Mate ae Wa(10h? + 5ah — 6a?) 
240h? 
Men = Mpa = — Wa(80h? — a + 6a?) 
5. Hydraulic load. aU 
M -M 
Mas = —Mpa = au 
Map = —Mac = eel 
6. Couple at each upper M 
corner. IS ALB ‘8 


APPENDIX B 


DERIVATION OF FUNDAMENTAL EQUATIONS FOR ANALYSIS 
OF STATICALLY INDETERMINATE FRAMES 


The derivation of the fundamental equations is based upon two 
principles, commonly known as the principles of the moment-area 
method. These principles are as follows: 

(1) When a member is subjected to flexure, the difference in the slope 
of the elastic curve between any two points is equal in magnitude to 


VLC. : 
the area of the EI diagram for the portion of the member between the 


two points. 

(2) When a member is subjected to flexure, the distance of any 
point Q on the elastic curve, measured normal to the initial position of 
member, from a tangent drawn to the elastic curve at any other point P, 
is equal in magnitude to the first or statical moment of the area of the 


EI diagram between the two points, about the point Q. 


Conventional Signs.—The signs of the quantities used in the equations 
in Appendix A are determined by the following conventional rules: 

When the tangent to the elastic curve of a member has been turned 
in a clockwise direction, measured from its initial position, the change 
in slope, or the angular deformation, is positive. 

When the line joining the ends of a member is rotated, the movement 
of one end of the member relative to the other, measured perpendicular 
to the initial position of member is called a deflection and is so used 
throughout the following discussion. The deflection is positive when 
such rotation is in a clockwise direction from the initial position of 
member. 

The resisting moment, or moment of the internal stresses, on a 
section is positive when the internal or resisting couple acts in a clockwise 
direction upon the portion of the member considered. According to this 
rule the portion of the member considered must always be specified, and 
will be indicated by the subscripts used with the moments. For example, 
if C is a point on a member between the ends A and B, Mea is equal to 
The moment of an external force or couple is positive if it tends to 


cause a clockwise rotation. 
607 
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Derivation of Equations for Moments at Ends of Members in Flexure= 
Member Restrained at the Ends with No Intermediate Loads.—The line 
AB in Fig. 1 represents the elastic curve of a member that is not acted | 
upon by any external forces or couples except at theends The resisting 
~ moment at A is represented by My, and at B by Mzs. The change in 
the slope of the elastic curve at A from its initial position is represented 
by 64, and that at B by 03. The deflection 
of A from its original position A’ isd. The 
distance of B from the tangent drawn to the 
curve at A is equal to (d — 104). | 


From proposition (2), (d — 104) may be 


expressed as the statical moment of the 


= diagram for member AB about the end | 


B. The quantities EH and J will here be con- 
sidered as constant throughout the length 
AB. If M represents the resisting moment 
on the portion of member to the left. of a 


section, M is equal to —Mus at A, and to +Mz, at B. The a 


diagram of Fig. 1 can best be treated as the algebraic sum of the two 
triangles bad and bcd. Hence the statical moment of the Jey diagram 
about B is equal to the area of triangle bad times the distance to its 
centroid, 24], plus the area of triangle bcd times the distance to its centroid, 
Yl. This gives 

= M 4,l? M;,l? 


db ar toa ea (3) 
From proposition (1), 6; — 04 is equal to the area of the os diagram 
for member AB, or the algebraic sum of areas bad and bed. This gives 
tn — On a + Tae @ 
Combining Eqs. (3) and (4) to eliminate MW oa letting; aK and ¢ = 
R, gives 
Maz = 2EK(264 + 63 — 3h) (5) 


Similarly combining Eqs. (3) and (4) to eliminate My, gives 
pa = 2HK(2603 + 04 — 3R) (6) 


Since the signs of aJl quantities in Eqs. (3) and (4) are independent 
of the sense of the quantities themselves it follows that Eqs. (8) and 
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(4) are general; and they give the sense as well as magnitude of the 
moments, no matter what the senses of 64, 02, and R may be, provided 
the method of determining signs given above is followed. As before 
noted, Mz is the resisting moment acting at the end A of the member 
AB. The moment which AB exerts upon the support at A is equal in 
magnitude but opposite in sense to Mz. A and B are not necessarily 
supports of a member but may be any two points along the length of a 
member, provided there is no intermediate load on the member between 
them. 

Equations (5) and (6) are fundamental equations.:. They may be 
expressed as follows: The moment at the end of any member carrying 
no intermediate loads is equal to 2HK times the quantity: Twice the 
change in slope at the near end plus the 
change in slope at the far end minus three 
times the ratio of deflection to length. EF 
is the modulus of elasticity of the material, 
and K is the ratio of moment of inertia 
to length of member. 

Derivation of Equations for Moments at 
Ends of Members in Flecure—Member Re- 
strained at the Ends with Any System of 
Intermediate Loads.—The line AB, Fig. 2a, 
represents the elastic curve of the mem- 
ber of Fig. 1, but acted upon by a sys- 
tem of intermediate loads. The moments, 


slopes, ahd deflections at A and B are similar to those of Fig. 1. The EI 


diagram, however, is affected by the intermediate loads. The quantity 
EI will again be considered constant. From well known principles of 


mechanics, the = diagram of Fig. 2c may be obtained by superimpos- 


ing the oe diagram for a simple beam under the same intermediate loads 


(see Fig. 2b) upon the as diagram of Fig.1, This is merely the algebraic 

1 The slope-deflection equations for a member acted upon only by forces and 
couples at the ends were deduced by Manderla in 1878. See Annual Report of the 
Technische Hochschule, Munich, 1879. and Allgemeine Bauzeitung, 1880. The use of 
these equations has been developed by several writers, among whom are: 

Mor, Orro, “Abhandlungen aus dem Gebiete der Technischen Mechanik,’’ 
2nd Ed., 1914. 

Kuwz, F. C., Secondary Stresses, Engineering News, Vol. 66, p. 397, Oct. 5, 1911. 

Witson and Maney, Wind Stresses in the Steel Frames of Office Buildings, 
Univ. of Ill. Eng. Exp. Sta., Bull. 80, 1915. 

Witson Ricuart and Weiss, Analysis of Statically Indeterminate Structures by 
the Slope Deflection Method, Univ. of Ill. Eng. Exp. Sta., Bull. 108, 1918. 

39 


SSS ee 


610 STRESSES IN FRAMED STRUCTURES 


addition of the different moments at any section, just as in an algebraic 
analysis the moment at the end of a girder is combined with the moment 
of the shear at the end and of the external loads about the given section. 
Denote the area of the simple beam diagram of Fig. 2b by F, and the 
distance of its centroid from B by #. Then, using the propositions 


ies ; 
(1) and (2) as before, the statical moment of the EI diagram about B is 


equal to (d — 6al). 2 
—Masl? , Mnal? _ Fa 


(a 04) = ape ay Gh mee (7) 
M .. ‘ 
The area of the EI diagram is equal to 6 — @.. 
~- = Mint Wikoal! ey Ip! 
(= 84) oni eo e ee 2) 
nye etet d 
Combining Eqs. (7) and (8) to eliminate Maza, letting ae K and | arin 
gives ; 
2H pte 
Similarly, combining Eqs. (7) and (8) to eliminate Mas gives 
Mas = 2EK (262 + 64 — 38) + = (21 — 3 x) (10) 


It is seen that Eqs. (9) and (10) are identical with Eqs. (5) and (6) except 
that they contain an additional term in the right-hand member. 
This additional term is independent of the slopes and deflec- 
tions of the member, and depends solely upon the intermediate 
loads. Further significance is given to this term if the slopes and deflec- 
tions are made equal to zero, as is true in a fixed beam with supports on 
same level. . The last term then becomes the resisting moment acting 
on the end of the fixed beam. Hence it is seen that in general the resisting 
moment at the end of a member with any system of intermediate loads can 
be expressed as the algebraic sum of the resisteng moment at the end of a 
member with no intermediate loads, as given by Eqs. (5) and (6), and the 
resisting moment at the end of a fixed beam with an equal span and carrying 
the same system of intermediate loads. 

If the resisting moment at the end of a fixed beam with supports 
on same level be expressed by C, with subscripts similar to those used for 
moments, M, Eqs. (9) and (10) may be written in the following general 
form 


Mee, == 20K (20, 4905 oh Cae (11) 
Mea = 2EK (26, + 64 oS 3k) + Cpa (12) 
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These are the general slope deflection equations that apply to any 
condition of loading and restraint. 

The sign of the constant C may be determined as follows: In a fixed 
beam the sign of the resisting moment at the end of a member is opposite to 
that of the moment of external loads. For instance, in Fig. 2 the moment 
of external loads about the end A is clockwise, so the resisting moment 
Caz 1s counter-clockwise or negative; and since the moment of the loads is 
counter-clockwise about B, Cz, is clockwise or positive. If the loads 
were upward instead of downward, the signs of C4, and Cz4 would be 
reversed. With signs thus treated, C becomes merely a numberical, or 
scalar, quantity. 

It has been noted that Eqs. (11) and (12) apply to any condition of 
restraint of the ends of amember. Figure 3 shows a member restrained 
at A and hinged to the support at B, so that the resisting moment at B is 
zero. Equations (11) and (12) may be written: 


Mis = 2EK (26, — Op mer 3h) a Cin 
2 O:= BA = 2EK (202 + 04 ae 3R) + Cea 


Hig: 3; 


Combining these two equations to eliminate 6, gives 
C 
Mus= EK(36, — 3R) — (Cas fe ~24) (13) 
If the beam is fixed at A and hinged at B, with the supports on the 
same level, 0,4 and R in Eq. (13) are zero, and therefore the term 
_ (c 7p + eH) represents the resisting moment at the end A, and can 


be readily calculated for any given loading. 
By similar reasoning, when a beam is restrained at the end B and 
hinged to support at A, it is found that 
C. 
Vin wanes = ae (Cos sha ee 


4 

; (14) 
é C. 

For more convenient reference let the quantity (Cus + ~24) be 


; C ; 
denoted by Hus, and the quantity (Cm + ~3°) by Hzs. Equations 


(13) and (14) then take the general form 
M ap = EK(804 = 3R) Fee Hap (15) 
Moa = EK (803 =i 3R) + Apa (16) 
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The term H represents the resisting moment at the fixed end of a 
beam which is fixed at one end and hinged to the support at the other, 
with supports at same level. The sign of H is determined in the same 
way as the sign of C in Kas. (11) and (12). That is, the sign of H is 
always opposite to the sign of the moment of the external loads about the 
fixed end of the member. If the external loads act upward instead of 
downward, the values of H in eqs. (15) and (16) must be reversed. 

Equations (11) and (12) are the general equation for the ends of a 
member in flexure. Equations (15) and (16) are special forms of Eqs. (11) 
and (12), applicable to members having one endhinged. For convenience 
in reference these four equations are given in Table 1 where they are 
denoted as Eqs. (A), (B), (C) and (D), respectively. 


TABLE 1 
GENERAL EQuaATIONS FOR THE MoMENTS AT THE Enpvs or A MemBer AB In Fia. 4 
Se Se ee 


Map = 2HK(204 + 62 — 3h) + Cas (A) 

Mea = 2EK(20z + 64 — 3K) + Cpa (B) 
If end B is hinged, 

Maz = EK(864 — 3R) + Hap (C) 
If end A is hinged, 

Mpa = EK(86s — 3R) + Hpa (D) 


nnn EEE 


Notr.—The signs of the quantities used in these equations are determined by the 
following rules: 


§ is positive (+) when the tangent to the elastic curve is turned in a clockwise 
direction. 

R is positive (+) when the member is deflected in a clockwise direction. 

The moment of the internal stresses on a section is positive (+) when the internal 
couple acts in a clockwise direction upon the portion of the member considered. 

If the moment of the external forces on the member about the end at which the 
moment is to be determined is positive (+), the sign before the constant, C or H, 
is minus (—); if the moment of the external forces about the end at which the moment 
is to be determined is negative (—), the sign before the constant is plus(+). With 
the forces acting downward as shown in the sketch, for the moment at A, Caz and 
Hap are preceded by a minus (—) sign, but for the moment at B, Cga and Hza are 
preceded by a plus (+) sign. 

Derivation of Equations for Moments at Ends of Members in Flexure— 
Member Restrained at the Ends, with Special Cases of Loading.—One 
method of determining the quantities C and H in Eqs. (A), (B), 
(C), and (D) of Table 1 has been explained. To illustrate the method, 
some special cases will be considered here. 

Figure 5 shows a member restrained at the ends with a concentrated 
load at a distance a from A, and a distance bfrom B. Inthe simple beam 
—Pab 


2 


moment diagram, the maximum ordinate is a the area F is ’ 


and the distance x of the centroid of the area F from B is 14(1 + 0). 
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Hence putting these values in the last terms of Eqs. (9) and (10) gives 


2F —Pab? 
Se (See a eae (17) 


and 


Ar(2l — 33 ie ee 


= Cea (18) 


If the member had been hinged instead of being restrained at B, 
the value of Hus could have been found from the last term of Eq. (13), 
in which 


— (Cap + 24) = SEP +) = Has (19) 


Re 27 


Mga 


Similarly, if the member had been hinged at A and restrained at B, 
the value of Hg could have been found from the last term of Eq. (14) 
in which 


+ (Cou + Gas) _£ LEN feb (20) 


As another common case, consider a loading that is symmetrical 
about the middle of the member, as shown by Fig. 6. It is obvious 


that the centroid of the simple beam moment diagram will be at the 
l 


middle of the member, so that x =ipy Substituting this in the last 
term of Eqs. (9) and (10), 
PM ioe F 
_ and 
+ ae — 3x) = + = +Cpa (22) 


Similarly, for a member having the end B hinged, the jast term of Eq. (13) 
gives 
=(Gsa+-#)=-57-= —He (23) 
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For a member having the end A hinged, the last term of Eq. (14) gives 


B of 
+ (Cra +8) = +5 q = Hes (24) 


Lae : 
A geometrical meaning is attached to the term 7 Since it represents 


the average ordinate of the moment diagram for a simple beam under the 
given loading. 
From these illustrations it is seen that values of C and H may be 


found by the use of Eqs. (9), (10), (13) and (14). 
Another method of determining C and H may be readily applied to 
any kind of loading. For a member carrying a single concentrated 


Pab? 
load P, as shown in Fig. 5, the value of C4, is a and the value of Cpa 


2 
is oe oe as given in Eqs. (17) and (18). If there are several concentrated 
Pa®b 
loads on the member, by summation C4, ee Rp? pil Cop, - : 


If there is a distributed load on the member the same method may 
be used, by performing an integration in place of the summation. Let 
w be the unit loading on an element of length dz, which is at a distance x 
from the left end, and a distance 1 — x from the right end of the member. 


In the expression ae » replace P by wdz, a by x, and b by 1 — x, whence 


Ll — 2x)2d ales Hl — apy Sa, 
= i ee Similarly, Cea = Beat B oe The limits 


of the definite integral are fixed by the length of the member under load. 
If the unit load w is not constant, its variation may be expressed in 
terms of x, and the general value for the total load on a length dz thus 
found substituted for P in the given expression for a single concentrated 
load, after which the integration may be performed as just indicated. 
Values of C and H for different systems of loads are given for retereace 
in Tables 2 and 3, pp. 486 and 489, respectively. 
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A 


Absolute maximum moment in a beam, 
116-121 

Action, definition, 14 

American Railway Engine Assoc., for- 
mula for weights of bridges, 6 


B 


Baltimore truss, 5, 286-300 
with sub-struts, 287-297 
sub-ties, 297-300 
Beams, moments and shears in, 58-142 
with restrained ends, reactions on, 52 
Bending moment in beams and trusses, 58 
Bow’s notation for forces, 23 
Bridge trusses, 213-328 
analysis of stresses, 213 
Baltimore trusses, 286-300 
bridges on curves, 322-327 
chord stresses, 217, 223 
curved chord trusses, 267 
dead load stresses, 215-221, 233-238 
deck, Pratt truss, 250-255 
diagonal web members, stresses in, 258 
double intersection, Warren, 279, 311- 
316 
horizontal chords, 213 
Howe truss, 255 
inclined chord, 256-278 
live load stresses, 221-232, 238-240 
maximum and minimum stresses, 231, 
240 
method of moments, 258-265 
of vertical components, 265 
multiple web systems, 279-286 
Pennsylvania truss, 287, 300-311 
Pratt truss, 232-255 
skew bridges, 316-322 
stress analysis for multiple web system 
trusses, 279 
trusses with subdivided panels, 287 
calculation for inclined chord trusses, 
256 
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Bridge trusses, stresses due to tractive 
forces, 328 
in a curved chord truss, 268 
subdivided panels, 286-316 
tension verticals, stresses in, 266 
through Pratt truss, 233-250 
top chord members, stresses in, 225 
types, 4 
Warren truss, 214-232 
web stresses, 218, 228, 231 
Bridges, classes of, 3 
curved chord, lateral trusses in, 339 
deck, stresses in, 338 
formulas for weights, 6 
loads on, 11 
on curves, 322-327 
skew, 316-322 
through, stresses in, 334 
Burr, W. H., 464 


Cc 


Cambering trusses, 378 
Carnegie Pocket Companion, formula for 
steel roof trusses, 5 
Ceiling loads, stress 
169 
Center of gravity, 16 
location of, 36, 38 
Centrifugal force, effect of, on bridges on 
curves, 326 
Chord stresses on bridge trusses, 217, 
223 
Components of a force, 16 
Composition of forces, 16 
Computing stresses in trusses, 154-159 
algebraic treatment, 155 
graphical treatment, 158 
Concentrated force, 15 
Concurrent forces, 15 
Cooper’s load systems, 6, 8, 94 
Coplanar forces, 15 
Couple of forces, 16 
moment of, 30 
Curved chord trusses, 267 


coefficients for, 
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D 


Dead load, 5 
stresses on bridge trusses, 215-221, 
233-238 
Deck plate girder bridge, stresses in end 
cross-frame, 386 
Definitions of terms, 2 
Deflection angles, values of, 405 
Deflection of trusses, 359-378 
algebraic method of determination, 360 
camber, 378 
choice of initial conditions, 376 
due to non-elastie distortion of mem- 
bers, 366 
stress in members, 360 
temperature changes, 366 
general considerations, 359 
graphical method of determination, 368 
Maxwell’s theorem of reciprocal deflec- 
tions, 377 
Williot-Mohr diagrams, 368 
Determining magnitude of a given 
function, 149 
Distributed forces, 15 
Double intersection Pratt truss, 279 
trusses, stresses in, 390 
Warren truss, 4, 279 
stresses in, 311-316 
Duchemin’s formula for wind load, 7 


E 


Ellis, C. A., on Deflection of trusses, 
359-378 
Equations for analysis of statically 
indeterminate frames, 607-614 
Equilibrant, of forces, 15, 19, 22, 28 
Equilibrium equation for a joint, 406 
of a joint, 403 
of forces, 15, 17 
External force, 14 


Fiber stresses, 407 
Fixed loads, moments and shears due to, 
60-80 
Fleming, R., 8 
on wind stresses in high buildings, 
448-466 
Floorbeam loads, 138 


INDEX 


Floorbeams, effect of, 73-80 


Forces, 12 


active and passive, 13 
Bow’s notation for, 23 
center of gravity, 16 
components of, 16 
composition of, 16 
concentrated, 15 
concurrent, 15 
conditions for equilibrium of a system 
of, 17 
coplanar, 15 
couple, 16 
determination of moment of, 43-46 
of unknown elements of, 31 
elements of, 13 
equilibrant of a system, 15 
of coplanar, 19, 22, 28 
equilibrium of, 15, 17 
external, 14 
internal, 14 
moment of, 16 
of a couple, 30 
of inertia, 17 
non-concurrent, 15 
non-coplanar, 15 
resolution of, 16, 20 
resultant of a system, 15 
of coplanar, 18, 20, 22 
vector, 13 


H 


High buildings, wind stresses in, 448-466 
Highway loadings, 8 
Hool, G. A., on Bridge trusses, 213-328 
on general methods of computing 
stresses in trusses, 154-159 
on lateral trusses and portal bracing, 
329-358 
on moments and shears in beams and 
trusses, 58-142 
Howe truss, 255 


I 


Inclined chord trusses, 256, 278 
Influence lines, 143-154 
definition, 143 
determination of the magnitude of a 
given function, 149 


INDEX 


Influence lines, end reaction of a through 
truss, 146 
reactions of simple beams, 144 
interpretation of, 149 
location of a concentrated load, 151 
uniform load, 151-154 
moment at a panel point of a truss, 147 
shear and moment of a simple beam, 
144, 145 
at end of a cantilever, 145 
in a panel of a through truss, 148 
use of, 149 
Internal force, 14 


Jonson, E, F,, 449 
K 


Kinne, W. S., on Bridge trusses, 213-328 
on lateral trusses and portal bracing, 
329-358 
on moments and shears in beams and 
trusses 58-142 
on roof trusses, stress data, 167—202 
on secondary stresses, 397-435 
on stresses in redundant members, 
378-397 
on trusses with knee braces, 203-212 
Knee-braced roof trusses, 203-212 


L 


Lateral trusses, 329-340 
action of lateral forces on the structure, 
332 
bridges with curved chords, 339 
forms of lateral truss systems, 331 
loads on lateral truss systems, 330 
stresses in a through bridge, 334 
deck bridges, 338 
Live load stresses on bridge trusses, 221— 
232 
loads, 6 
Loads, equivalent uniform, moments due 
to, 131 
fixed, 60-80 
floorbeam, 138 
moving, 80-103 
Loads on structures, 5-12 
bridges, 11 
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Loads on structures, classes, 5 
conversion of surface loads to 
loads, 9 
dead load, 5 
formulas for weights of structures, 6 
highway loadings, 8 
live loads, 6 
railway loadings, 8 
roofs, 9 
snow load, 6 
wind load, 7 
Loads, position of, for maximum moment, 
121-124 
for maximum shear, 124-131 
stress coefficients for, 168-202 
stresses on bridge trusses, 215-232 


joint 


M 


Maney’s method of determining wind 
stresses, 450 
Marvin, C. F., formula for wind load, 7 
Maxwell’s theorem, of reciprocal deflec- 
tions, 377 
Melick, C. A., 450 
Mohr, O., diagrams, 368 
Moment of a couple, 30 
force, 16 
determination of, 43-46 
inertia, 16 
about axes, 39 
determination of, 46 
of compound areas, 41 
of irregular area, 42 
of simple areas, 40 
polar, 38 
Moments and shears 
trusses, 58-142 
bending moment, 58 
determination of maximum moment, 
110-116 
diagrams, for fixed loads, 60-67 
due to combined loading, 135-137 
fixed loads, 60-80 
moving concentrated load systems, 
104-135 
moving loads, 80-94 
effect of floorbeams, 73-80 
equivulent uniform loads, 131 
greutest possible moment in a beam, 
116-121 


in beams and 
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Moments and shears in beams and_ Reactions, 48-58 


trusses, live load concentrations, 
methods of representing, 94 
maximum and minimum, 137 
in a cantilever beam, 83, 86, 93 
in a girder with floorbeams, 84, 
89-93 
without floorbeams, 81-83, 86-89 
with fixed loads, 68-73 
moment tables, 97 
moving concentrated load systems, 
94-103 
panel concentrations, 138 
position of loads for maximum effect, 
104-110 
for maximum moment, 121-124 
shear, 124-131 
shear, 59 
See also Influence lines 
Moving loads, moments and shears due 
to, 80-94 


N 


Non-concurrent forces, 15 
Non-coplanar forces, 15 


12 


Panel concentrations, 138 
Pennsylvania truss, 287, 300-311 
Pettit truss, 5, 287, 300-311 
Pin connected members, stresses in, 425 
Polar moment of inertia, 38 
Portal bracing, 340-358 
determination of portal effect, 356 
determining stresses in, 340 
form of, 340 
skew portals, 356 
stresses in a knee-braced portal, 351 
an A-frame portal, 355 
plate girder portal, 344 
portal with diagonal bracing, 349 
the lattice portal, 348 
Pratt truss, 4, 232-255 
double intersection, 279 
stresses in, 388, 394 
Principles of statics, 12-48 


R 


Radius of gyration, 17 
Railway loadings, 8 


beams with restrained ends, 52 
definition, 14, 48 
statically determinate structures, 48- 
52 
indeterminate structures, 52 . 
Reciprocal deflections, Maxwell’s theo- 
rem of, 377 
Rectangular tower structures, 467-484 
distribution of torsion in transmission 
towers, 473 
double diagonal systems, 473 
ground wire support, 473 
horizontal bracing, 470 
illustrative problem of stresses on 
transmission tower, 476-484 
loads on transmission towers, 475 
redundant members in transmission 
towers, 470 
simplified stress diagrams for special 
loadings, 475 
statically determinate and indetermi- 
nate, 467 
stress diagrams, 467 
tables, 485-606 
Redundant members, stresses in, 378-397 
design of structures with redundant 
members, 396 
double intersection trusses, 390 
end cross-frame of a deck plate girder, 
386 
members necessary for a stable frame, 
378 
Pratt truss with odd number of panels, 
388 
with rigid diagonals, 394 
roof truss, stresses in, 384 
structures with one redundant mem- 
ber, 380 
with several redundant members, 393 
Reference deflection angles, 405 
Resolution of forces, 16, 20 
Resultant of forces, 15, 18, 20, 22 
Ricker, N. C., formula for modern roof 
trusses, 5 
Roebald, 8. G., on rectangular tower 
structures, 467-484 
Rogers, H. 8., on simple roof trusses, 
160-167 
Roof trusses, 160-212 
algebraic method of sections, 160 
ceiling loads, stress coefficients for, 169 


INDEX 


Roof trusses, computing stresses, 160 
determining stress on knee-braced 
trusses, 203 
formulas, 5 
graphical method of joints, 162 
knee-braced, 203-212 
methods of equations and coefficients, 
161 
notation in tables of stress coefficients, 
168 
pitch, 3 
roof loads, stress coefficients for, 168 
simple, 160-167 
stress coefficients, 167 
data, 167-202 
stresses in, 384 
truss with knee-braces, 205 
types, 3 
vertical loading, stress coefficients for, 
168 : 
stresses due to, 205 
wind loads, stress coefficients for, 170 
stresses by the graphical method, 165 
due to, 206 
Roofs, loads on, 9 


Secondary stresses, 397-435 

angular changes, 409 

arrangement of the calculations, 408 

calculation of, in Warren truss, 417 

changes in angles of any triangle 
due to distortion, 399 

due to weight of members, 430 

effect of eccentric connections, 423 

equilibrium equation for a joint, 406 

of a joint, 403 

formulation of equations, 412 

load position for maximum combined 
stresses, 422 

moments and fiber stresses, 407 

at ends of a beam, 401 

nature of problem, 397 

pin connected members, 425 

primary unit stresses, 409 

riveted Warren truss, calculation of 
stresses in, 408-422 

solution of equations, 414 

values of deflection angles, 405 
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Shears in beams and trusses, 58-142 
Skew bridges, 316-322 . 
determination of stresses, 318 
direct moments, method of, 319 
panel concentrations, method of, 319 
Smith, A., 450 
Snow load, 6 
Statically determinate structures, 48-52 
Statically indeterminate frames, 436-447 
derivation of equations, 436 
equations for analysis of, 607-614 
in the tables, 440 
notation, 439 
Statically indeterminate structures, 52 
Statics, principles of, 12-48 
action and reaction, 14 
center of gravity, 16 
conditions for static equilibrium, 30 
definition, 12 
determination of unknown elements 
of forces, 31 
equilibrant of coplanar forces, 19, 22, 28 
equilibrium of a system of forces, 17 
external force, 14 
forces, 12-16 
internal force, 14 
location of center of gravity of a solid, 38 
of an area, 36 
moment of a couple, 30 
moment of forces, determination of, 
43-46 
moment of inertia, 16 
about axes, 39 
determination of, 46 
of compound areas, 41 
of irregular area, 42 
of simple areas, 40 
polar, moment of inertia, 38 
problems, 30 
radius of gyration, 17 
resolution of a force into two com- 
ponents, 20 
resultant of coplanar forces, 18, 20, 22 
vector, of a force, 13 
See also Forces. 
Stress coefficients for loads, 168-202 
Stresses due to tractive forces, on bridges, 
328 
in redundant members, 378-397 
in trusses, methods of computing, 154— 
159 
secondary, 397-435 
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Structures, statically determinate, 48-52 
indeterminate, 52 

Surface loads, conversion of, to joint 
loads, 9 

Sway bracing, 340-358 


T 


Trains, weight of, on bridges, 325 
Transmission towers, distribution of 
torsion in, 473 
illustrative problem of stresses, 476- 
484 
loads on, 475 
redundant members in, 470 
Trusses, Baltimore, 286-300 
bridge, 213-328 
computing stresses in, 154-159 
curved chord, 267 
deflection of, 8359-378 
in general, 1-5 
inclined chord, 256-278 
lateral, 329-340 
moments and shears in, 58-142 
multiple web system, 279-286 
Pennsylvania, 287, 300-311 
Pettit, 287, 300-311 
Pratt, 232-255 
roof, 3, 160-212, 384 
subdivided panels, 286-316 
Warren, 4, 214 
Whipple, 4, 279 


W 


Warren truss, 4, 214 
double intersection, 279, 311-316 
secondary stresses, 408-422 
Web stresses on bridge trusses, 218, 228, 
231 
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Weight of members, stresses due to, 430 
Whipple truss, 4, 279 
Williot diagrams for deflections of trusses, 
368 
Willson, C. A., on loads on structures, 
5-12 
on trusses in general, 1-5 
Wilson, A. C., quoted on method of 
wind bracing, 452 
Wilson, W. M., on influence lines, 143- 
154 
on principles of statics, 12-48 
on reactions, 48-58 
on statically indeterminate frames, 
436-447 
Wilson’s method of determining wind 
stresses, 450 
Wind load, 7 
stress coefficients for, 170 
stresses, 165, 206 
Wind stresses in high buildings, 448-466 
approximate methods of determining, 
451 
cantilever method of determining, 452 
choice of methods, 464 
code requirements in cities, 448 
continuous portal, method of deter- 
mining, 462 
details, 466 
exact methods of determining, 449 
Jonson’s method of determining, 449 
Melick’s method of determining, 450 
method of equal shears, for determining, 
457 
portal method of determining, 459 
Smith’s method of calculating, 450 
types of wind bracing, 449 
Wilson and Maney’s method, 450 
working stresses, 465 
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